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PREFACE 


In this volume are collected scientific research reports written in recent years at the 


Radio-Astronomy Laboratory in the field of radio-astronomical apparatus and methods of ob- 
servation, 


Modern radiometers of high sensitivity, using masers and parametric amplifiers, have 
been installed at the RT-22 radio telescope of the Laboratory's Radio-Astronomy Station. Some 


of the papers are devoted to a description of these original radiometers and to their operating 
conditions. 


Considerable space is given to a description of the meter-wave equipment and to the ad- 
justment of the DKR-1000 diapason cruciform radio telescope, Two papers describe radio in- 
terferometers with radio relaying. This method of increasing the resolving power is extreme- 


ly effective and it is expected that it will be further developed under laboratory conditions, 
primarily in the meter wave range, 


Problems of radio-telescope design occupy an important place in contemporary radio 
astronomy and radio engineering, Three articles are devoted to this important line of work. 


In 1966, an experiment was carried out at the Radio-Astronomy Laboratory on the inves- 
tigation of the solar wind by a radio-astronomical method, The experiment gave substantially 


new data concerning the nonuniformity of the plasma around the sun; the experimental part of 
the work carried out is described in the collection. 


V. V. Vitkevich, Director 
Radio-Astronomy Laboratory 
P,N, Lebedev Physics Institute 


Vv 4645 
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A 5.2-cm NULL RADIOSPECTROMETER WITH 
A SYMMETRICAL METHOD OF RECEPTION 


V. M. Gudnov, I. M. Goryachev, 
V.A. Kolbasov, G. S. Misezhnikov, 
R. L. Sorochenko, B. V. Sestroretskit, 
and V. B. Shteinshleiger 


Introduction 


The development of radio-astronomical spectral research is very directly related to the 
progress of the measuring technology. As the sensitivity of radiospectrometers increases the 
possibility of separating weaker and weaker spectral signals, in which cosmic radiation is un- 
questionably rich, becomes greater, 


The noise temperature of uhf radiometers was measured in thousands of degrees in the 
50's and only one very strong radio line [1] (21 cm) was accepted. The radiation from this line, 
attributable to transitions in the hyperfine structure of the hydrogen atom, was measured as 
tens of degrees Kelvin. 


Low-noise amplifiers appeared in the 60's and the noise temperature of radio-astronomi- 
cal apparatus was reduced by about a factor of 10; this undoubtedly played a large part in the 
discovery of a number of new lines. A hydroxyl (OH) line was found at a wavelength of 18 cm 
[2] and several radio lines of excited hydrogen were found between 3 and 21 cm [8-6]. The in- 
tensity of these lines was only a matter of degrees and even tenths of a degree over the 
antenna temperature. There is little doubt that further improvements to spectrometers and 
an increase in their sensitivity will lead to the reception of a large number of new radio lines 
associated with the quantum transitions of various galactic elements and compounds. 


Despite certain practical difficulties, the quantum paramagnetic amplifier (QPA) consti- 
tutes the most efficient preamplifier for spectral investigations at the present time and its po- 
tentialities are far from fully explored. Parametric, tunnel, and low-noise amplifiers of other 
types give high-sensitivity measurements of the continuous spectrum as a result of their wide 
bands; however, they cannot be regarded as equivalent to the QPA for spectral research. 


There is great difficulty in realizing the theoretically high intensity offered by QPA. In- 
creasing the sensitivity intensifies the effects of factors outside the radiometer. In some cases, 
the sensitivity of measurement may be determined by fluctuations in the radiation from the at- 
mosphere, inaccuracies in the tracking of the source by the radiotelescope, and other similar 
causes, Of considerable importance is the "parasitic modulation" of the spectrometer, which 
causes a deflection of the recording device when no spectral-line signal is present, 


1 


2 V. M. GUDNOV ET AL. 


A E 
NG, CAt 
Het 1 ; 
p----—----- 
' eM 289 an BEST} fer - 08 
nl a f 
M2 T = 
vn Age 
to EPP- O9II to Mod 


Fig. 1. Block diagram of the 5.2-cm spectral radiometer. A, antenna; E, 
equivalent; NG., compensating noise generator; SSAt, tracking system at- 
tenuator; SAt, scale attenuator; ZDAt, null displacement attenuator; 2,, 
summing slot bridge; NG,, calibrating noise generator; CAt, calibrating 
noise attenuator; Mod, modulator (switch); QPA, quantum paramagnetic 
amplifier; Ml, first mixer; IFAl, D,, LFAI, SDI, DCAI, EPP-09I are, re- 
spectively, the intermediate-frequency amplifier, detector, low-frequency 
amplifier, synchronous detector, dc amplifier, and electronic potentiometer 
(E PP-09 type) of channel I (similarly for channel II); QG, quartz generator 
of first heterodyne; FM288, 288-times frequency multiplier; Het 2, tuneable 
second heterodyne; M2, second mixer; AGC, automatic gain control; MM, 
reference-mark mixer; QH 1000 kHz, quartz reference-mark heterodyne; 
RVG, reference voltage generator; FI and FII, phase rotators of channels 

I and II; 2, subtracting device. 


In this paper we shall describe a high-sensitivity radiospectrometer designed for opera- 
tion at 5.2 cm and offering the possibility of separating spectral lines of very weak intensity 
(down to hundredths of a degree with reference to the antenna temperature), This radiometer 
was attached to the RT-22 radiotelescope of the Physics Institute of the Academy of Sciences in 
February 1966 for observing the nyo; W nyo4 radio lines of excited hydrogen and also for measur- 
ing weak discrete sources in the continuous spectrum. 


1. Block Diagram and Operating Principles of the Radiometer 


The block diagram of the radiometer is shown in Fig. 1. Modulation of the external sig- 
nal is effected by switching the input of the receiver between two similar reference horn ir- 
radiators taken symmetrically out of focus in the horizontal plane. As a result of this, the re- 
ception of external radiation (the radio telescope has a 10.5-min-wide polar reception pattern) 
takes place alternately from two directions separated by 44' from one another. The two directions of. 
reception are completely equivalent, and the signal under consideration may be accepted through 


either irradiator; however, one of them is arbitrarily called the antenna (A) and the other the 
equivalent (), 


The radiometer employs a combination of the null method of receiving radio waves from 
the continuous spectrum and the differential method of separating a spectral line from a constant 
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spectral-density noise background [7]. The radiometer has two receiving channels: I, a wide- 
band channel with a bandwidth AF and II, a narrow-band spectral-analyzer channel with a band- 
width oF, which may be moved along the AF band by adjusting the second heterodyne (Het 2). 
On switching over the irradiators, a signal proportional to the temperature difference of the 
antenna and the equivalence, T,- Te, is separated out at the output of channel I after detection 
in D,. This signal is amplified at the modulation frequency (LFA) and, after synchronous detec- 
tion, is used for controlling the tracking-system attenuator TSAt, which regulates the power of 
the compensating noise generator (NG,). As usual in null radiometers, the system operates by 
equating the temperatures of the antenna and equivalent and keeping the difference T,— T. 
(mean values over the band AF) close to zero during the investigation, At the same time the 
noise of channel I, detected by D,, is fed to the subtracting device 2, to which the noise from 
the spectral channel is also directed in counterphase (with respect to the modulation frequency) 
after detection in D.. Provided that AF > 6F, and choosing the amplificationfactors of the chan- 
nels in such a way that the average noise intensities in the two bands are equal 


a signal at the modulation frequency with an amplitude proportional to the difference T,— T. in 
the band OF is separated out at the output of the subtracting device. Subsequent amplification 
and recording of the spectral signal take place in LFAII, SDII, and EPP-09II in the manner 
usual for amplitude radiometers. 


According to the analysis carried out in [7], in a system of this kind the effect of the in- 
tensity of the continuous spectrum on the output of the spectral channel will be felt only as the 
product of two quantities of the second order of smallness 


Ap AU*sr_ 
rT 9 
U?. 5 


where AT is the error in the operation of the tracking system and AU?» is the drift of the 
noise level in the spectral channel from the balanced state represented by Eq. (1). 


Thus, this radiometer includes several fundamental features which tend to reduce the in- 
fluence of various interfering factors and lead to the realization of the limiting sensitivity of 
the apparatus under practical conditions of radio-astronomical observation, The symmetry in 
the antenna-equivalent system greatly reduces the effect of radiation from the atmosphere, 
the Earth, and various other sources of scattered radiation on the radiometer readings. Quite 
apart from any dependence on the position of the radiotelescope, this radiation is received al- 
most identically by both horns and gives no component with frequency modulation. * The sym- 
metry in switching also reduces the possibility of measuring errors due to imperfect matching, 
since in both positions the same uhf elements are connected to the input of the amplifying equip- 
ment, 


The null method and the system of balancing the wide and narrow bands reliably protects 
the spectral channel from the influence of the continuous-spectrum signal, Intensity changes 
occurring in the course of observation, possibly as a result of errors in the tracking of the 
radio telescope and other causes, have little effect on the accuracy of the spectral measurements. 


A result of the combination of all these factors is that, in principle, no changes take place 
in the radiometer with the switched input, apart from the fact that the spectrum under 


*The limitations of this kind of system are also quite obvious, e.g., the impossibility of observ- 
ing sources with angular dimensions exceeding 44' (the difference in orientation between the 
two receiving antennas). However, for the research purposes envisaged this limitation is not serious. 
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Fig. 2, Arrangement of the uhf part of the radiometer. 


examination is replaced by a standard spectrum with a uniform spectral density at the input of 
the receiver, Only if asymmetry occurs in the manufacture of the switching elements can any 
undesirable "zero" drifts or parasitic effects take place. However, with the radiometer con- 
struction envisaged even this error may be eliminated in a methodical manner: by alternately 
observing the source along the two possible directions of reception. 


Let us consider some of the structural characteristics of the various parts of the radiom- 
eter. 


2. Parts of the Radiometer 


Uhf Part of the Radiometer. A schematic representation of the uhf part of the 
radiometer is presented in Fig. 2. This incorporates horn-type irradiators, calibrating and 
compensating noise systems, a diode switch, aferrite insulator, and anhf tract (waveguide). The ir- 
radiators are pyramidal horns designed for irradiation of the speculum witha fall-off at the edges 
corresponding to a level of 13 dB. In our case, this fall-off gives a better signal-to-noise ratio 
than an irradiation characteristic corresponding to a level of 10 dB. 


The noise generator connected to the antenna channel (NG,) supplies the temperature 
calibration of the radiometer and also serves to balance the temperature on observing the 
source through the equivalent irradiator, The introduction of noise from this generator takes 
place through a directional coupler DC, with an intermediate attenuation of 15 dB. 


By means of the remote-controlled attenuator CAt, the calibrated noise introduced into 
the antenna tract may be set for two values of temperature, 15 and 31°K, Linkage of the calib- 
rating steps is effected by the three-reading method; this involves replacing the horn-type ir- 
radiators at the radiometer input by matched loads at the temperature of liquid nitrogen, room 
temperature, and the temperature of boiling water. In the same way, the compensating noise 
signal is introduced into the equivalent channel through an analogous directional coupler DC». 
The purpose and properties of the individual units of this system will be discussed when de- 
scribing the tracking system. 


The radiometer switch is based on germanium-crystal diodes connecting a 120° wave- 
guide T-junction. Depending on the sign of the voltage supplied to the diodes, the input of the 
receiver is connected alternately to the antenna and equivalent branches, The germanium 
diodes in the intermediate structure had a capacity of about 0.2 pF and a spreading resistance 
of under 5Q fora reverse bias of 4V. The diodes were externally connected into a waveguide 48 x 24 
mm in cross section along the center of the wide wall, using an inductive pin. Subsequent 
resonance between the inductance of the pin and the capacity of the diode ("closed" condition) 
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at the working frequency was achieved by selecting the 
length of the loop in which the pin ended and adjusting the 
bias voltage. The switch has direct losses of 0.3 dB and 
ensures uncoupling of no less than 20 dB with the discon- 
nected channel, 


By carefully selecting pairs of diodes, the switch 
channels were made almost identical with respect to the 
attenuation introduced (difference about 0.05 dB) and the 
modulus and phase of the input reflection coefficient 
(AT = 0,03, Ay < 30°). 


Fig. 3. Symmetrical antenna- 


Under service conditions, the identity of the channels 
equivalent system, 


was ensured by a slight adjustment of the bias on the 

diodes. All the foregoing units of the radiometer are lo- 
cated in the focus box of the radio telescope RT-22, The general form of this part of the 
radiometer (with the noise sources and attenuators removed) is shown in Fig. 3. Connection 
between the switch and the QPA, situated in the radio telescope guide cabin [8] at a distance of 
about 12 m, is effected by means of a waveguide (tract) of largecross section (65 x 130 mm), 
which reduces the loss of hf energy. 


In order to eliminate resonance phenomena in the closed space of the tract (at the work- 
ing frequency some twenty undesirable types of waves may be excited) an absorbing filter for 
the higher-frequency waves is connected to the tract (Fig. 4). The filter has slits on its side 
surfaces, parallel to the electric-field vector, and longitudinal resonance slits on the upper and 
lower surfaces. Through these slits, the energy of all the undesirable types of waves is radi- 
ated into the space above the telescope mirror. Owing to the low noise temperature of this 
space, the losses associated with the radiation of the undesirable waves hardly increase the 
noise temperature of the tract at all. 


Ml hi 


Fig. 4, Construction of the filter for absorbing undesirable types of waves. 
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For the radiation of paired (degenerate) unde- 
sirable waves of the E;, and Hmn types, longitudinal 
metal strips are introduced into the filter to remove 
the degeneracy. In order to reduce the excitation of 
undesirable waves, the junctions between the 48 x 24 
and 65 x 130 mm sections have a special conical- 
envelope shape. The waveguide tract, 12 m long, has 
total losses of about 0.4 dB, of which the noise con- 
tributes about 0.3 dB (Ty, ~ 20°K). 


In order to combat noise interference in the 
tract, which we will be discussing later, a decoupling 
ferrite insulator with direct losses of 0.3 dB and a 
decoupling factor of 44 dB had to be placed between 
the tract and the switch. 


Quantum Paramagnetic Amplifier. 

. A traveling-wave quantum paramagnetic amplifier 

Fig. 5. General view of the TW QPA. (TW @PA) [9] having an amplification factor of 24 dB 
and a pass band (at a level of 3 dB) of 25 MHz is 
used in the radiometer. The noise temperature of 

the TW QPA together with the subsequent superheterodyne receiver was 30 + 5°K. A liquid- 

helium cryostat of 5.5 liter capacity permitted the operation of the QPA for 11 to13 h without 

additional filling. 


The general form of the TW QPA is shown in Fig. 5. Practical use of the TW QPA showed 
it to have a very stable amplification factor and to be simple to operate, The amplifier requires 
practically no adjustment before operation and has only one control, i.e., for regulating the mag- 
netic biasing current of the supplementary windings of the permanent magnet, The low sensi- 
tivity of the TW QPA to changes in input impedance (Section 3) gives it an advantage over low- 
noise resonator amplifiers [10]. 


Heterodyne 1. _ Since the exact tuning frequency of the receiver must be known in 
spectral measurements, the frequency of the first heterodyne is stabilized with a quartz crystal. 
The 19.8-Mc quartz heterodyne, placed in a thermostat, has a stability of 2- 10°°, This fre- 
quency is multiplied 48 times in a tube circuit and six times in a diode multiplier of the D501 
type. A band filter is used to filter the harmonics. 


Servo System, The servo system (SS) of the radiometer ensures the balancing of 
the noise temperatures of the antenna and equivalent, The source of compensating noise is a 
gas-discharge tube NG, (Fig. 2) connected to the channel of the equivalent through the direction- 
al coupler DC,. The smooth attenuator SSAt controlling the tube noise consists of a disc coated 
with an absorbing film which is introduced into the waveguide through a longitudinal slit in the 
wide wall, By selecting the shape of the disc, a linear relationship between the attenuation and 
the angle of rotation is achieved. The disc is fixed to the axle of a BD-404 receiver selsyn, 
which is connected electrically to the transmitting selsyn fixed to the axle of the executive motor 
of the EPP-09 electronic potentiometer, Special checks showed that the synchronous shaft 
formed by these selsyns provided for the transmission of fluctuations in frequency = 1.5 Hz, 
which corresponds to tT = 1 sec. 


The error Signal proportional to T, — Te is fed directly to the input of the EPP-09 ampli- 
fier. In this case, the executive motor of the EPP-09 will rotate until the condition T, = T, is 
established in the channel of the equivalent by the smooth attenuator. Since the dc bridge of the 
E PP-09 is here disconnected from its input, the slide wire is used to obtain a voltage propor- 
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tional to the first derivative of the error signal, This voltage is fed, in appropriate phase, to 
the input of the EPP-09 amplifier, which raises the stability of the servo system during transi- 
ent processes, 


A change in the scale of the EPP is effected by means of a discrete attenuator SAt con- 
nected in series with the SSAt. A change by the SAt is equivalent to a change in the temperature 
of the adjustable noise of the NG,. The attenuator is similar in construction to the SSAt; how- 
ever, its disc is fixed to the axle of the step selector providing remote control for the attenuators. 


In carrying out certain scientific programs, exact measurements of small changes in sig- 
nal are required, The "zero" displacement required in this case is supplied by feeding power 
from the NG, not controlled by the SSAt (power) . into the channel of the equivalent. A null posi- 
tion convenient for observations is established by means of the discrete attenuator ZDAt, an- 
alogous in construction to the SAt. The null-displacement signal and the operating signal of the 
SS are combined by the 3-dB slotbridge 2, andpass to the channel of the equivalent through the 
directional coupler DC». 


In observing sources with an antenna temperature T,... < Tyo, the null method may be 
used if the signal under consideration is received both by the antenna and the equivalent. All 
the uhf elements are wide-band, thus ensuring smoothness of the spectrum in the receiving band. 
An indication of the noise temperature generated by the discrete attenuators is given (in degrees 
Kelvin) on a light display board made of neon display tubes of the IN-1 type. 


In practice, a control factor of K = 50-150 is realized in the servo system (depending on 
the scale). This enables the intensity of the continuous spectrum of the equivalent to be kept 
in close agreement with changes in the antenna spectrum. For a closed control circuit, the 
time constant of the integrating circuit of the radiometer is given by the expression 


where 7 is the time constant of the integrating circuit with an open control circuit and K is the 
control factor. In view of this a value of r = 300 sec is established in the radiometer, cor- 
responding to Teg = 2-6 sec, 


Spectrum Analyzer. The bandwidth of the analyzer used in investigations up to 
July 1966 was AF = 0.48 MHz (for a level of 3 dB). For subsequent observations the band was 
narrowed to 300 kHz. The spectral-channel amplifier (IFA2), in accordance with (1), has an 
additional amplification factor 


and is covered by the AGC circuit keeping the average intensity of the noise in the detector 


Uxrp=Tm ({) Nn (3) 


constant, where N is the amplification factor with respect to the wide-band channel and T,,(f) 
is the noise temperature of the radiometer at a frequency /. 


The time constant of the AGC is such that it causes no demodulation of the signal, while 
reacting to slow drifts in noise power. Since the noise temperature, mainly determined by the 
QPA, is practically constant in the analysis band, the AGC circuit actually regulates the ampli- 
fication factor of the radiometer with respect to the spectral channel. This kind of stabiliza- 
tion gives a K--times reduction in both the time instabilities of the amplifying tract and the 
changes in the amplification factor on frequency-adjusting the amplifier (K, = 10 is the feed- 
back control factor). 
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In order to secure an exact reading of the analyzer tuning 
frequency during a set of observations, frequency markers 
formed by the null beats of the second heterodyne frequency 
with the harmonics of the reference quartz generator are em~- 
ployed, The marks so formed (spaced at 1 MHz) are recorded 
on EPPII concurrently with the recording of the signal. 


Low-Frequency Units of the Radiometer. 
Low-frequency amplification in both the wide-band and the 
spectral channel of the radiometer is effected by means of wide- 
band amplifiers, capable of passing up to the seventh harmonic 
of the modulation frequency. It is well known that, when com- 
pared with selective amplification at the frequency of the first 
harmonic, this improves the fluctuation sensitivity by a factor 
of 7/2V2, or 11%. In addition to this, such amplifiers possess 
considerably more stable phase characteristics. In order to 
ease the operation of the final stages of the amplifier and the 
synchronous detector, the modulation frequency was reduced 
to 112 Hz. A multivibrator was used in the reference-voltage 
generator as the master generator. To make it easier to 
equate the half periods corresponding to the time of connecting 
the antenna and equivalent, the voltage from the multivibrator 
Fig. 6. Low-frequency part was divided, frequency-wise, into two by means of triggers. 

of the radiometer. This voltage is fed to the synchronous detectors through fant- 
astron delay circuits, which constitute phase rotators. The 
whole If part of the radiometer is situated in the central cabin of the RT-22 radio telescope. A 
photograph of this part of the system is shown in Fig. 6. 


3. Interference of Noise inthe Tract. ‘''Parasitic Modulation'' 


If the propagation time of the signal in the tract is shorter than the oscillation correlation 
time 1/AF, interference takes place between the noise reflected from the beginning of the tract 
and the unreflected noise. As a resultofthis the spectral density of the noise inthe receiver, con- 
nected to one end of the tract, becomes dependent on the length of the tract 7 and the frequency 
f. This dependence still occurs on using the modulation method of reception. The value of the 
modulation component of the frequency-dependent interference term will be determined by the 
difference between the electrical parameters of the switching elements. According to [11], this 
value (expressed in degrees Kelvin) equals 


87 (/) =27,|T, cas (FS j) —Tecos (2 ‘)| (4) 


where T; is the temperature of the interfering noise in the tract; [4 and [, are the voltage re- 
flection coefficients in the antenna and equivalent arms; 7, and Je are the corresponding 
geometrical lengths of the arms; and Vp is the phase velocity in the tract in which the inter- 
ference takes place. 


Since such a modulation component leads to a deflection of the recording device of the 
spectrometer in the absence of any of the spectral signals, it is sometimes called "parasitic 
modulation." This has a very harmful effect on the sensitivity of the spectrometer and may 
lead to erroneous results, 


It follows from Eq. (4) that a fundamental procedure in combating the parasitic modula- 
tion due to noise is the careful matching of the uhf elements. At the same time it is desirable 
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Fig. 7. Equivalent circuit of the uhf part 
of the radiometer, I,, T,, T;, Ty are, re- 
spectively, the reflection coefficients from 
the irradiator, switch, insulator, and input 
of the QPA; T, (=Ta), temperature of the 
antenna; T., noise temperature of the switch; 
T;, temperature of the insulator; T,, tem- 
perature of the QPA noise radiated into the 
tract; l,., distance between the irradiator 
and switch; l.3, distance between the switch 
and the insulator; /3,, distance between the 
insulator and the QPA input; L, decoupling 
of the insulator. 


to minimize the length of the tract subject to 
interference, since this will weaken the fre- 
quency dependence of the parasitic-modulation 
effect, 


Let us represent the uhf part of the 
radiometer by the equivalent circuit of Fig. 7. 
We shall consider the noise of the main uhf ele- 
ments, which are concentrated at the point of con- 
nection. This procedure is completely valid 
for elucidating interference phenomena, since 
the noise of the distributed elements (due to 
linear losses in the tract) will yield no inter- 
ference. 


We see from Fig. 7 that the period of the 
interference signal, modulated with the switch- 
ing frequency, is determined by the lengths of 
the tracts lo» +149, b34, +l, and Ll 3, + 
Loz + Ly. The most unfavorable of these are 
the two last sections, which are about 12 m 


long. The interference developing in this section has a period of Af, =vp/2l = 13 MHz, i.e., 
almost equal to the band in which the spectral analysis is being carried out, 


Despite the symmetry principle employed, because of the tolerances involved in manu- 
facture and a certain scatter in the parameters of the switching diodes, the switching elements 


were not really identical. 


As noted earlier, by dint of tuning and selecting diodes with similar characteristics, a 
value of (T3 — Fe) = 0.03 was obtained with very similar phases of the reflection coefficients. 
Even in this case, however, for T ~ 10°K we find from (4) that 


6T (f) = 0.6 cos = 
Pp 


a 


|, () 


° 
o 


which is quite unacceptable for a 13-MHz period of interference. The interference of noise in 
the tract is not the only cause of parasitic modulation, Let us estimate the analogous effect due 
to a change in the amplification factor resulting from a difference in the impedances of the 


antenna and equivalent arms, 


It may be shown that, using simplifying assumptions, * the relative variation in the power 
amplification factor (gain) G, of a TW QPA due to a change in impedance on switching, may to a 
first approximation be expressed by the following formula: 


AG : 
ABS 2a = Bed 008 | (loa + ba) f] (6) 
P 


where y = (1/Tout')V L/G is the "effective decoupling" of the TW QPA; Tou; is the reflection 
coefficient of the output of the TW QPA; G is the resultant power gain in the forward direction; 
L is the resultant power attenuation in the backward direction between inhomogeneities (non- 
uniformities) with reflection factors Ig.e and Vou. 


*It is assumed that Ta and I. differ only in amplitude (this is almost true) and that there are 


no other reflections in the tract, 
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A7,°R We note that for a traveling-wave amplifier the 
200 "effective decoupling" (in decibels) is [20log 1/ Vout Jap 
100 larger than for a resonator amplifier with the same 

L/G ratio. 


The change in the readings at the output of the 
spectral channel (in degrees Kelvin) is 


1G 
2 AG (t 
dT opa (t) = 7s) Lin's (7) 
y where Tin is the temperature of the noise passing in- 
to the QPA input, 
I~ DD We Putting (CT, — Te) = 0.03, y = 20 (a typical 
h, deg value for the QPA employed in the absence of addi- 
Fig. 8. Increment in the temperature tional external decouplings) and Tin = 70°K, we ob- 
background as a functionoftheangle of —_ tain 
elevation of the observed point. 1) 4st (lag + ha) 
Measured temperature difference Ta — OT opa (f) = 0.2cos ae A °K, (8) 
T. = AT for a symmetrical system (RT- 
29, 5760 MHz); 2) uncompensated tem- which agrees with (5) in order of magnitude and has 
perature background according to the the same period of interference. 


measurements of [13](BTL, 5650 MHz). In order to remove the parasitic modulation 


with a frequency period of 13 MHz due to both the in- 

térference of noise and changes in the amplification 
of the QPA, a ferrite insulator was placed between the switch and long tract.” With a de- 
coupling of L, = 44 dB the insulator reduces the effects defined by expressions (5) and (8) by 
VvLy = 160 times, and this certainly justifies a slight increase in the noise temperature of the 
radiometer, It is true that in this case there is interference due to the 300°K noise of the in- 
sulator itself, propagated in the direction of the antenna and reflected from the switch. How- 
ever, thanks to the very short interference arm, the frequency gradient is comparativély slight. 
An additional reduction in this gradient may be achieved by using a circulator, with de-excita- 
tion of the radiation of the free arm, for decoupling [12]. 


The whole procedure relating to the reduction of interference phenomena inthe tract and to 
the parasitic modulation was the hardest and most complicated aspect in the adjustment of the 
radiometer. As a result of the measures taken, the slope of the zero line in the spectrograms 
was reduced to between 0.004 and 0,05 deg/MHz, which was entirely satisfactory for the re- 
search undertaken. 


4, Practical Parameters of the Radiometer and Some Results 


The main characteristic of the radiometer is its sensitivity. In the wide-band channel 
(AF = 25 MHz) a sensitivity of 6T = 0.04-0.05° was realized with t = 1 sec, which corre- 
sponds to the general noise temperature of the radiometer T,,; = 130-160°K. The noise tem- 


perature so determined agrees quite closely with the calculated value of 154° derived from the 
formula 


*We note that the parasitic-modulation effect associated with the change in amplification may 
be reduced on increasing the internal decoupling of the TW QPA, i.e., increasing the attenua- 
tion of the backward-wave absorber in the delay system of the TW QPA, In order to weaken 


the effect of noise interference an external valve or circulator must be introduced close to 
the switch. 
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Fig, 9. Comparison of two parts of a "null" record sepa- 
rated by 50 minintime, Vertical lines are 1-sec time 
markers, 


4 — 
Ty =7,(1— , )+ ut +715 “24+ Trees: (9) 


Ade Adc Yn 
Here, 7 is the full efficiency of the tract (~1.1 dB); 7, is the efficiency of the noisy part of the 
tract (~1.0 dB); T) is the temperature of the space into which the undesirable waves are radi- 
ated (~30°K); Ta is the temperature of the antenna (~25°K); ag, is the transitional attenuation 
of the directional couplers (~30 dB); and Tree is the noise temperature of the amplifying tract, 
including the noise of the QPA and the subsequent mixing receiver (~30°K) (the value of T, is 
reduced until the section after the screen). 


As a result of the symmetry in the antenna-equivalent system, this radiometer has 
qualities which are very valuable for the type of observations being made. Figure 8 shows the 
value of T, — Te as a function of the angle of elevation of the observed point. Forcomparison, 
this figure also shows the variations in background temperature obtained from measurements 
at the nearby wavelength of 5.3 cm [13]. We see from the figure that the effect of the back- 
ground radiation is weakened by several orders of magnitude, facilitating measurements down 
to the lowest angles, at which the background radiation is extremely strong. 


The radiometer output has a very stable "zero" over a long period. Figure 9 compares 
two parts of a record differing by 50 min in time, The "zero" drift in this time is no greater 
than 0.05°, Even unfavorable meteorological conditions (severe cloud cover, showers, etc.) 
caused no serious displacement of the "zero." This latter fact may be presumably explained 
by the circumstance that at a distance of several kilometers (typical distance to a cloud layer) 
the linear distance between the diagrams is measured in tens of meters, Clearly, at sucha 
distance the radiation of the clouds and water vapor should still be quite strongly correlated 
with respect to intensity. The high sensitivity of the radiometer enabled sources producing an 
antenna temperature of the order of 0.1°K tobe reliably recordedona single record. For an effec- 
tive antenna area of about 190 m? this corresponds to a flux of radio radiation equal to 1.5-10° 
W/(m? - Hz), Figure 10 shows an example of an original record obtained from a relatively 
weak source of radio radiation, STA-102, The antenna temperature of this source is 0.12°K, 


For an observation at culmination, the sources pass alternately through both positions of 
the polar diagram of the antenna. Figure 11 illustrates this for the case of the Z5273 source. 
The equivalence of the two diagrams may be used to increase the accuracy of observation of 
weak sources by a factor of two. By bringing the radio telescope to bear on the source first 
with one and then with the other possible mode of reception, we obtain a signal twice as great 
as that given by the ordinary "on— off" method, The radio-radiation fluxes of a number of 
quasistellar sources were determined at the wavelength of the radiometer by measurements 
made in February to June, 1966. In some of these systematic flux variations were observed. 
The scientific results of these observations were described in [14]. 
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a Fig. 10. Example of an original record for 


RC=100B , T= 15 sec the passage of the STA-102 source of radio 
radiation. 


RO=/3Z AB 2/6 Sec 


Fig. 11. Passage of the ZS273 source through both diagrams on ob- 
serving at culmination. 
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Fig. 12. Influence of the continuous spectrum on the output of the 
spectral channel. 


The major project of the radiometer was the observation of the lines of excited hydrogen 
Ni05 ~ Nig (5762, 89 MHz). In the spectral channel a sensitivity of 6T = 0,04° was realized with 
a time constant of tT = 50 sec, usually used for the observations. The zero line of the spectral 
channel was more stable than in the AF channel line. The influence of the continuous spectrum 
on the output of the spectral channel was weakened by at least 100 times. Figure 12 shows an 
oscillogram of the output of the spectral channel on applying a temperature step of 15°K to the 
input of the radiometer. Only at the initiation of the step, owing to the finite time constant of 
the control system, do we notice a surge of about 0.5°K. After developing a system with an ac- 
curacy of a few hundredths of a degree no displacement of the zero line was observed. The 
only fault in the radiometer was the slope of the zero line in the spectrograms, and no solution 
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Fig. 13. Spectrogram of an original record of a line of the Omega nebula, 
Vertical lines constitute frequency markers at 1 MHz intervals. The 
large 0 mark is the calculated line frequency. 
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Fig. 14. Separation of a spectral line of the W43 source, a) Original spectrogram on receiving 
the source radiation through an irradiator with a positive deviation from the line signal, Verti- 
cal lines constitute frequency markers at 1 MHz intervals; b) the spectrogram obtained on re- 
ceiving the source radiation through an irradiator with a negative deviation from the line signal; 
c) difference spectrogram of records a and b; d) average of nine pairs of records. 


to this problem was ever found. Possible reasons for this phenomenon are set out in Section 4. 
This slope was reduced to the comparatively small value of 0.04-0.05 deg/MHz as a result of 
the measures taken, Figure 13 shows a spectrogram of the original recording cf the nig, — nyo, 
line in the Omega nebula. The slope of the zero line equals 0,04 deg/MHz. In observing weak 
sources the observation procedure based on recording spectrograms by alternately tracking the 
source first with one possible mode of the receiver and then with the other proved, as expected, 
extremely effective. The difference spectrograms thus obtained (by pair analysis) were prac- 
tically free from apparatus effects, while the spectral line under examination had twice the 
value, Figure 14 illustrates the procedure for separating the line of the comparatively weak 
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W43 source.* By this method, spectral lines were reliably separated up to T,; = 0,06°K (anten- 
na temperature). As a result of observations made in the first six months of 1966 the nyo; — ny o4 
line was measured and its parameters determined [16] for the W3, W10, W31, W37, W388, W43, 
W49, and W51 emission nebulas, 


Measurements of the Doppler displacements of the excited-hydrogen line enabled the velo- 
cities.of the nebulas to be calculated. The measurements showed that these velocities closely co- 
incided with the radial velocities of the most distant clouds of neutral hydrogen lying on the path 
of the source, which indicated a close correlation between the motion of neutral and ionized hy- 
drogen, 


An extremely interesting fact was that the temperature of the nebulas was far lower than 
had been indicated by observations based on other methods. The most interesting conclusion 
from the study of spectral radiation both at this wavelength and at others (3-6 cm) is the ab- 
sence of the theoretically predicted Stark broadening of the lines. 


The authors wishto express their sincere thanks to A. E. Salomonovich for his great in- 
terest and attention regarding the present investigation, and also V. V. Zotov and L. M. Nagornykh 
for their practical help. 
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POSSIBILITY OF USING THE COMPENSATION METHOD 
FOR SPECTRAL MEASUREMENTS 


E. V. Borodzich, Yu. S. Rusinov, 
and R. L. Sorochenko 


Since the construction of radio receiving apparatus with a noise temperature of the order 
of 5-10°K, based on the maser amplifier, is now a real possibility, the question of eliminating 
the switch with its 0.3-0.5 dB (20-30°K) loss has acquired fundamental importance. If it is taken 
into account that the theoretical sensitivity of a compensating radiometer exceeds that of a 
modulation radiometer by a factor of 7/¥V2 (2.23), the development of switchless radio-astrono- 
mical receivers becomes definitely feasible, 


As is well known, the main shortcoming of compensating systems is the difficulty of re- 
alizing their high theoretical sensitivity, due to instability of the transmission coefficient of the 
amplifying line. For spectral measurements, however, one can diminish appreciably the effect 
of instabilities in the broadband part of the radiometer by using certain circuits. We shall con- 
sider the radiometer block diagram shown in Fig. 1. 


The operation of the radiometer is based on the joint use of a quasi-null method, which 
enables one to maintain the sum of external and internal radiometer noises in a broad band con- 
stant with time, and a differential method of distinguishing the spectral signal by comparing 
signals in the broad and narrow bands. The high-frequency signal contained in a broad band 
AF is amplified, detected by the detector Dy, and then used for control by the compensation- 
noise generator (NG). The signal of this generator is supplied to the radiometer input by an 
auxiliary radiator; in this case, it passes through the same components as the signal under in- 
vestigation. 


The feedback loop so formed serves to maintain a constant output noise signal: 


Pour = KAFT (f, t) N (f, t) = const, (1) 


Pe ee 


where TI (f, t), N (f, t) are the averaged noise temperature and gain factor in the band AF; k is 
Boltzmann's constant, 
At the same time, m subbands, having the band widths A/J;, are isolated from the band AF 


by using the narrow-band filters Fi;. The noise signals contained in these subbands are each 
detected by the detectors Dj and then applied to the balancing meshes Bj, which are also con- 


nected to Dp. 


In the absence of the spectral signal under investigation, the initial balance of the analyzers 
reaches the equality 
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Fig. 1. Radiometer block diagram. Ray, are channel recorders; 
Fi, are narrow-band filters; Bj are balancing meshes; CA is con- 
trolled attenuator; NG is a noise generator; Osc is a fine-tuned 
beat oscillator; RFA = radio frequency amplifier; M = mixer; IFA= 
intermediate frequency amplifier. 


kAFN (f, t) L (f, t) = a,kAf,N (fis t) L (A t), (2) 


where a; * AF /Af,, as a result of which the output of each spectral channel reads "Zero," In 
Eq. (2), N (f;, t) is the gain of the channel with the band A/; at the frequency f,, and T(f;,t) 1s 
the noise temperature of the radiometer input at this frequency, determined by the equation 
m(f, 4) rs (f, t 

PU N= Ts) +0Q+ a7, 4 BO 4 8) 
In this equation, T,(/, t) is the noise temperature due to the effect of radiation, including the 
signal under investigation; 6 (t) is the noise temperature of the compensating noise, which has a 
continuous spectrum; Ty, (/, t) and T,(/, t) are the noise temperatures of the maser amplifier 
and superheterodyne receiver, respectively; n(/, t) is the gain of the maser amplifier; and L is 
the transmission coefficient of the high-frequency line. 


Since T,, (f, t) is determined by the spin temperature and ohmic loss in the input com- 
ponents of the maser amplifier has a very weak frequency gradient, the internal noise of the 
radiometer can be assumed to be independent of frequency if the gain n(/, t) is sufficiently high. 


In this case, owing to the operation of the feedback loop and balancing mesh, changes in 
T (f, t) and N (f, t) do not upset equality (2) and, hence, do not cause zero drift in the different 
channels, At the same time, when a signal under investigation having a nonuniform spectral 
density arrives at the radiometer input, the corresponding channels record an excess in the 
spectral density of noise at the channel frequency relative to the average level. A spurious sig- 
nal, i.e., zero drift in one or more channels in the case where the noise under investigation is 
spectrally uniform, will occur when the pass band is deformed with time. 


It can be shown that the amplitude of the spurious signal in the i-th channel for the time 
of measurement 6t is proportional to the product of the total noise temperature and the differ- 
ence between the derivatives, with respect to time, of the gain factors in the broad and i-th bands: 


T (f, ¢ adN(f,t aN (f,, t) 
8.4 = Pho (dN ONC N 6. (4) 


N (f, t) 

The difference, enclosed by parentheses in Eq. (4), should amount to less than Mh of the 

change in each of the gain factors N N (f, t t) and N(f;, t) in particular, which correspondingly de- 

creases the spurious signal in this method of reception as compared with the usual compensa- 
tion method, 


It should be noted that in the quasi-null spectrometer, the feedback loop and the balancing 
mesh equally promote the maintenance of equalities (2) and (). The effect of inaccuracy in 
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adjusting the feedback loop is decreased by the differential method of isolating the spectral sig- 
“nal and vice versa, Such a circuit provides substantially more reliable protection against 
changes in the intensity of the continuous spectrum than exists in a constant-current radiometer, 
in ‘which only the differential method is used [1]. This is especially important at wavelengths of 
3 cm or less, where the external noises exceed the internal ones [2]. 


A fundamental property of the quasi-null spectrometer is the maintenance of a constant 
noise level in the high-frequency line, This diminishes substantially the effect of interference 
phenomena on the operation of the spectrometer. As is well known, such phenomena occur when 
the high-frequency line, connecting the antenna to the amplifier input, is detuned. Interference 
of noises radiated by the amplifier input toward the antenna and reflected back, as well as 
noises received by the antenna and reflected from the amplifier input, results in variation of 
the spectral density of noise with frequency at the radiometer input. 


According to [8], this variation may be determined by the equation 


2mil 
kya] + (68 — 1) sin 2 | Pt 


onfl ) (5) 
v 


(kat ka)? + (1 — Ae) — #2) sin? 


where T, = Ty, is the noise temperature radiated by the amplifier input in the direction of the 
antenna; ky, and Kg are, respectively, the standing-wave coefficients of the amplifier input and 
antenna; 9 and / are the wave impedance and length of the line, and Vp is the phase velocity of 
propagation in the line. 


The periodic component of this equation characterizes the spurious signal and on the tem- 
perature scale has the form: 


Qnfl 
v 


—k2) (1 — k?) sin? 
(2 —1)km , onft Ra (t — hyn) (1 — Fa ; 
T (f) — 4TmG sin? Dp — i — (k, + ky : e (6) 


The elimination or reduction to reasonable limits of this effect is one of the most serious prob- 
lems of the technique of spectral measurements, The difficulties arising in this case, as well 
as certain practical results obtained in modulation-type spectrometers, are described in [4, 5]. 


In Eq. (6), the second term, which characterizes the spurious signal due to change in in- 
tensity of the external radiation AT,, is highly undesirable. Since this radiation is the subject 
of the investigations, eliminating or allowing for the quantity 


4k, (1—k2) (1 —-Q) sin? ant 
AT. (f) = AT, Te ey (7) 
is a necessary condition for the reception of weak spectral signals, However, this condition is 
met in the quasi-null radiometer, where, owing to the feedback loop, all changes in external ra- 
diation are compensated by locally generated noise. As a result, the spurious signal from in- 
terference of noises is decreased to the value 


ee 


T= TiN a = bt. (8) 


In this case, the undesirable spectral dependences determined by Eq, (6) can be eliminated by 

initial balancing of the channels according to (2). Maintenance of this state is ensured provided 
that the change in the gain factor, as well as deformation of the radiometer characteristic, is a 
slower process than the taking of the spectrogram, However, such a condition is not excessive 
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in view of the multichannel reception and substantial shortening of the required exposure, due 


to elimination of the switch. 
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AN 8-cm RADIOMETER WITH A QUANTUM 
PARAMAGNETIC AMPLIFIER 


L. I. Matveenko, G. S. Misezhnikov, 
M. M. Mukhina, and V. B. Shteinshleiger 


Introduction 


In recent years radio-astronomical methods of research have become widespread in astro- 
physics. These methods make it possible to record from cosmic objects radiation in a wide 
range of radio frequencies from which conclusions about their physical properties are reached. 
In the majority of cases, the intrinsic radiation of the radio sources is not great, and this 
imposes exacting demands on the sensitivity of radio telescopes. The minimum detectable flux 
density is related to the parameters of the radio telescope as follows: 


67 
6S ~ 1 
Asi? (1) 


where OT is the fluctuational sensitivity of the radiometer, and Aegf is the effective area of the 
antenna, 


As we know, the higher the fluctuational sensitivity of a radiometer the lower the tempera- 
ture of the noises at its input. As a result of the successes of quantum radiophysics low-noise 
quantum paramagnetic amplifiers (QPA's) have been developed in recent years. In particular, 
traveling-wave QPA's of similar design for the 5- and 8-cm bands have been developed [1,2], 
but so far they have not been used in radio-astronomical measurements in the USSR. In 1962 a 
start was made on developing a radiometer with an 8-cm range, running-wave quantum para- 
magnetic amplifier. The present article is devoted to the description of this radiometer and 
the first results of observations. 


1. Choice of Design for the Radiometer 


The fluctuational sensitivity of a radiometer due to statistical fluctuations is defined by 
the expression 


In 
éT =a Wao (2) 
where T, is the temperature of the noises entering the input of the radiometer; A/ is the trans- 
mission band of the radiometer to the square-law detector; 7 is the integrating chain time con- 
stant; and @ is a coefficient defined by the type of radiometer. In radio astronomy the follow- 
ing main types of radiometers have come into use for measurements in the continuous spec- 
trum: compensation, correlation, and modulation. 
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The greatest fluctuational sensitivity is 
found in the compensation method, for which 
a = 1/V2. The minimum belongs to the modu- 
lation method; depending on the form of modu- 
lation and demodulation, a lies within the 
limits 77/8 —2. In the case of the correlation 
type a = 1 [3]. However, despite the high de- 
gree of fluctuational sensitivity, the compensa- 
tion method has a number of defects, namely, 
that in order to realize its sensitivity it is 
necessary to ensure the stability of the ampli- 
fication coefficient Ak/k, corresponding to 


Fig. 1. Block diagram of a radiometer with 


Ak 6T _ . . 
— <<“ —_ 10%, and since 6T « Ty), its amp- 
a QPA, 1) Amplitude modulator; 2) smooth EST, n 


attenuator; 3) load equivalent; 4) QPA; 5) iso- _litude characteristic must be linear in a broad 
lator; 6) mixer; 7) heterodyne; 8) intermedi- dynamic range, In the correlation method the 
ate-frequency preamplifier; 9) intermediate- signal recorded is proportional to the correla- 
frequency amplifier and detector; 10) low- tion part of two independently received signals, 
frequency amplifier; 11) synchronous de- which significantly weakens the effects of insta- 
tector; 12) dc amplifier; 13) recording appa- bility in the amplification coefficient. However, 
ratus; 14) modulation frequency generator; even in this case, the requirement of linearity 
15) power amplifier. in the amplitude coefficient is kept, and more- 


over the condition of large decoupling between 
the inputs of the radiometer is imposed as well. The modulation method is free from these de- 
fects, but makes severe demands on the modulating apparatus, Ferrite switches and rectifiers, 
which have become widespread in recent years, make it possible to exclude "parasitic" effects 
quite simply, and to realize the fluctuational sensitivity of this method. Thus a radiometer 
with amplitude modulation, having a higher degree of technical sensitivity, was chosen. 


2. Radiometer with a Quantum Paramagnetic Amplifier 


The radiometer consists of the following main units: an amplitude modulator, a quantum 
paramagnetic amplifier, a transformation unit, a low-frequency part, and a supply. The block 
diagram of the radiometer is shown in Fig. 1. For greater reliability the design of the units 
has been simplified as much as possible. The theoretical schemes and the requirements for the 
units are considered below. 


Input Circuits of the Radiometer. In order to increase the fluctuational sen- 
sitivity of the radiometer, attention must be given to reducing its noise temperature. In accord- 
ance with the block diagram shown in Fig. 1, the noise temperature of the radiometer is defined 
by the following’ expression (it is assumed here that the high-frequency channel is sufficiently 
well matched and that the effect of mismatching on the noise temperature can be neglected): 


Bin.e + Bm.a 


Bm.e Pm.a 


ze + “OPA +(1— 8) T.|+ Py (2— Bin.e _ Bm.a)} + (0.5 — m)T", 
where Ta, Te, and To are the noise temperatures of the antenna, the equivalent, and the sue 
rounding medium, respectively; Tm and TQPA are the noise temperatures of the mixer and the 
quantum paramagnetic amplifier; Gy. and Sme are the direct transmission coefficients of 

the modulator at the input of the antenna and ofthe equivalent, respectively; 8 isthe transmission 
coefficient of the high-frequency tract between the modulator and the quantum paramagnetic 
amplifier; G is the amplification coefficient of the QPA with respect to the power; m is a coef- 
ficient defined by the relative time for switching on the antenna and the equivalent; and T' is the 
noise temperature of the radiometer at the moments of switching. 


T, = m{T.+Te+ 
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The noise temperature of the antenna Tz, determined for the zenith, is defined by the irra- 
diation on it and by the temperature of the cosmic radio-radiation background. The temperature 
of the equivalent, Te should, according to [4], be made equal to the temperature of the antenna 
in order to reduce the effect of instability in the radiometer coefficient. Thus the noise tempera- 
ture of the radiometer can be reduced by lowering the noise temperature of the mixer and the 


losses in the high-frequency tract and applying a low-noise amplifier with a high amplification 
coefficient. 


Further, the modulator must have a low switching time. In the case of a low temperature 
T', at switching the radiometer can be disconnected by means of disabling pulses. These re- 
quirements were taken into account in designing the high-frequency part of the radiometer. 


Modulator. The amplitude modulator is the most important element in the radiometer; 
on it depends the realization of the fluctuational sensitivity. Research on the operation of ampli- 
tude modulators constructed of crystal diodes or ferrite working in a longitudinal magnetic field 
has shown that the damping of the latter does not significantly exceed the damping of the former; 
but the modulator made of ferrite is more stable in its operation and does not require tuning, 
and its level of parasitic modulation is significantly lower and, in practice, does not depend 
on the ambient temperature. In view of this, the ferrite modulator was used in the radiometer. 


Let us consider how the parasitic signal is connected with the parameters of the modulator, 
We represent the modulator in the form of a four-arm circulator connected in accordance with 
the scheme shown in Fig. 2. We denote by 8p the direct transmission between the nearest in- 
puts, by y the inverse attenuation, by T, the noise temperatures at its inputs, and by I,= 
(kn -—1)/(n + 1) the reflection coefficients. If we neglect the interference terms and the terms 
corresponding to double reflection, the signals at the output of the QPA will be equal to: 


antenna switched on: 
P, « [T,z4— 9) Ba outp + 7, (4 — Te) Te outp +r Tydi— r'}) P'287.a8.a.outp + 


Vbc. oYeour (4) 
+ Tapa (1+2Pe V Be outp Ye outp + TeBe outp Yeoutp) + Zo (1 — Ba.outp)] Ga, 


equivalent switched on: 
Pe « [Te (4 —Te) Beoutpt Ta(1—Ta)vaoup $F Tr (1—T 7) TeBteBeourp + 
+ Topa (4+ 20a V Ba outp-Ya ourp + Ta Ba outpTaoutp) + 15 (1— Beoutp)]Ga- (5) 


Obviously the signal at the output of the radiometer will in the case of square-law detecting be 
proportional to the difference between these quantities, L.e., 


G 
P=T,(1— Ta) Ba outp— Te (i— Te) Be oupG- + Te (1 — Te) Te outp— 
G G 
—T,(1— T?) Va outp a +7, 4— 7) (3 7 aBa outp— Tete Be outp- Ge) + 
a 


+ TOPA (4 + 2Te V Be outpTeoutp -+ TéBe outpTe outp) — 


G G 
— (4+ 220. V Ba outpTa outp + Ts Ba outp Ya outp) zl + Ty K — Ba outp.) — (1 — Be inp) rom . (6) 


As can beseen from this expression, when Tag = Te the signal at the output of the radiometer 
is nonzero, This parasitic signal is caused in the general case by the following factors: (a) 
mismatching of the inputs of the modulator; (b) a difference between the parameters of the 
modulator in the different arms; and (c) dependence of the amplification factor of the QPA on 
the matching of its input. 
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Fig, 2, Amplitude modulator (external view, equivalent scheme, and form of modulation). 


The parasitic signal can be compensated for by an appropriate change in the temperature 
of the equivalent but, since its magnitude varies with variation in the parameters of the modu- 
lator, the high-frequency channel, and the amplification factor, the balance will be unstable, We 
shall assume that the antenna and the equivalent are matched, the modulator is symmetric and 
exhibits only slight losses, and T, = Te. In this case it follows from (6) that the parasitic sig- 
nal will be given by a quantity roughly equal to (Ta + Topas) AG/G. Since Ta + Topa ® 100°K, 
the parasitic signal can clearly attain a considerable magnitude, We used a traveling wave 
@QPA working in an absorption mode in accordance with a pumping signal and having a high de- 
gree of decoupling in the reverse direction. It can easily be shown that in this case 


AG/G = 2(Ta— 1g) V GLy Toutp OPA; 


where L and Y are the damping of the signal in the reverse direction in the QPA and the modu- 
lator, respectively. When L = —40dB, y = —25 GB, ToutpQpaA = 9.2 and the standing-wave 
ratio of the outputs of the modulator is equal to about 1.2, the effect of AG can be neglected. 


In this case after some straightforward transformations the parasitic signal can be rep- 
resented in the form 


pP ma (T,— To)(Ba outp— Be outp) ++ I, (Yo outp ~ Ta Outp ) + Te (Tr — re) + 
+ Topa [(l2Ye outp —T, Yaoutp) + 2(le } Yeoutp — I’, J Ya out )]. 


It follows from this expression that given sufficiently good decoupling of the modulator (around 
20 dB) the effect of the second and fourth terms can be neglected. In that case the principal 
parasitic signal will be given by the third term in the equation, since Ty, = 300°K, In order to 
reduce its effect it is obviously necessary to match carefully the inputs of the antenna and the 
equivalent and as far as possible to make them identical. In order that the contribution of this 
term should not exceed 0.5°K the matching of the inputs should be of the order of s.w.r. * 1.2, 
and they should differ from one another by not more than a few percent. For it to be possible 

to neglect the effect of the first term, the difference in the damping should not exceed a few per- 
cent when fp = 0,96, The conditions we have considered were taken into account in designing 
the modulator. 


The general appearance of the modulator is shown in Fig. 2, The ferrite is located in 
the circular waveguide, in the magnetic field of the solenoid. Variation in the magnetic field 
with the frequency of modulation leads, on account of the Faraday effect, to rotation of the plane 
of polarization of the signal through +45°. The length of the ferrite was chosen in such a way 
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that the rotation attained saturation at an angle of 
45° and thus created modulation which was close to 
rectangular (shown in Fig. 2) given a sinusoidal 
modulation voltage. Thus the sensitivity is increased 
and we exclude the effect of instability in the ampli- 
tude of the modulating voltage. By tuning the modu- 
lator, a decoupling of not less than 25 dB was achiev- 
ed between its inputs along with matching of s.w.r. = 
1.02 with respect to the antenna input and s.w.r. = 
1,045 with respect to the input of the equivalent in 
the 20-MHz radiometer transmission band. In order 
to reduce losses, the ferrite was dried and placed in 
a hermetically sealed polystyrene container. The losses 
in the modulator through the antenna input were dis- 
tributed in the following way: waveguides, 0.06 dB; 
absorbent plate, 0.01 dB; and ferrite, 0,08 dB, Total 
losses equaled 0.15 dB. Damping at the input of the 
equivalent did not exceed 0.18 dB. The measured 
noise temperature of the modulator was equal to 10- 
15°K, The power of the modulating voltage amounts 
to 6.5 W. 


Load Equivalent, The temperature of 
the equivalent must be equal to the noise temperature 
of the antenna, In our case the noise temperature of 
Fig, 3. Traveling wave quantum para- the antenna at medium angles of elevation is about 

magnetic amplifier. 80°K, The standard equivalent in the form of a small 

horn antenna is not very acceptable in this case be- 

cause of its low directivity, which leads to reception of interference and a reduction in sensitiv- 
ity. In view of this the equivalent was made in the form of a waveguide of cross section 10 x 60 
mm loaded with a wedge of polyiron, In order to reduce heat conductivity and damping, the 
waveguide was made of silvered metallized micarta. The flange of the load is grounded and in 
order to ensure that it is hermetically sealed it is joined to the modulator by a thin Teflon 
gasket, Measurement of the absorption of the waveguide by the short-circuit method showed 
that it does not exceed 0.5%. The load was placed in liquid nitrogen, the boiling point of which 
is 78°K. In order to exclude variations in the load impedance due to the liquefaction of the air 
inside it, the load was filled with gaseous helium coming out of a small rubber ball placed in an 
opening in the broad wall of the waveguide. The s.w.r. of the load within the frequency range of 
the radiometer is no worse than 1.05. Thus the noise temperature of the load at its output flange 
did not exceed 80°K. The temperature of the equivalent was regulated by means of a smooth at- 
tenuator with a low damping, 0-0.5 dB. The matching of the whole system gives a s.w.r, $1.15. 


The noise temperatures of the radiometer and the calibration step were measured by 
means of a load similar to the equivalent, The load temperature was changed by placing it in 
liquid nitrogen, melting ice, and boiling water. The s.w.r. of the load in the radiometer band is 
less than 1.05 and is practically constant with respect to temperature changes. 


Quantum Paramagnetic Amplifier. Inorder to reduce the noise temperature 
in the radiometer, a traveling-wave quantum paramagnetic amplifier is used; its external ap- 
pearance is shown in Fig, 3. The amplifier is installed in a horizontal position and is joined to 
the modulator by a rotating junction. The QPA, in comparison with an amplifier of the resonator 
type, has a wider transmission band (~20 MHz), a lower level of intrinsic noise because of the 
absence of a circulator at the input, and a more stable amplification factor. The active material 
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Fig. 4. General view of the frequency transformation block, 


is ruby. The angle between the direction of the trigonal axis of the crystal and the direction 
of the external magnetic field'is 90°. The frequency of the signal corresponds to the transition 
between the first and second energy levels, and the angle of pumping to that between the first 
and fourth. This mode of working makes it possible to obtain the maximum amplification factor 


(1). 


Research on the dependence of the amplification factor on the concentration of chromium 
in the ruby has shown that in this mode of operation the greatest amplification at 8 cm is at- 
tained at a concentration of Cr®* equal to 0.036%; the coefficient of inversion in this case is 
equal to 4.5, The ruby crystals are placed on both sides of the pin-retarding system, the length 
of which is 165 mm, In the transmission band of the system (~ 150 MHz) the retardation of the 
wave in relation to the group velocity is equal to 100, and the intrinsic losses amount to 5 dB. 
At a temperature of 4.2°K, the matching of the input and output is equal to s.w.r. = 1.5. In 
order to absorb the reverse wave, use is made of ferrite rectifier elements in the form of 
plates located under ruby rods in both sides of the retarding system. The best rectifying prop- 
erties at helium temperatures in the 8-cm range have been shown by measurements to belong 
to polycrystalline iron — yttrium ferrite with garnet structure. A rectifying system with co- 
axial supply cables is placed in a metal cryostat between the poles of an external permanent 
magnet, The cryostat enables the QPA to work for 8 hours, 


Putting a ruby rod on both sides of the retarding system has made it possible to amplify 
the QPA to 40% above the level reached using one side only and to obtain, when T = 4,2°K, an 
amplification of 32 dB with losses in the retarding system for the direct wave of 12 dB. The 
total amplification of the QPA is.20 dB in the band around 20 MHz. The reverse damping of the 
QPA is 40 dB, The intrinsic noise temperature of the QPA does not exceed 15°K. If required, 
the amplification factor can be increased to 35 dB in the band around 15 MHz by reducing the 
boiling point of the liquid helium to 2°K by removing its vapors. The amplifier allows tuning 
of +50 MHz by appropriate changes in the magnetic field intensity, without changing the fre- 
quency of pumping. 


The transformer block (Fig. 4) consists of the mixer, heterodyne, and the preamplifier 
and principal amplifier of the intermediate frequency. At the output of the latter there is a 
square-law detector. The block is mounted directly on the quantum paramagnetic amplifier: 
this reduces the additional losses at high frequencies and eliminates rotating or flexible con- 
nections both at high and intermediate frequencies, The intrinsic noises of the transformation 
block together with the mirror channel are equal to 1350°K. The frequency characteristic is 
close to rectangular and ensures a transmission band, with respect to the half-power level, of 
roughly 25 MHz. The mixer is single-cycle and works with a D405 diode. The signal of the 
heterodyne is fed into the mixer through a directed coupler. 
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At the input of the mixer, a circulator is mounted as 
a rectifier; it prevents the heterodyne signal from getting 
into the QPA. 


The intermediate-frequency preamplifier is connected 
directly to the output plug of the mixer. The input stages 
of this amplifier are collected at 6S3P and 6S4P tubes 
switched on in a cascade circuit. 


Y. As square-law detector a 6Zh1P electron tube in a 

=. ean, diode circuit is used. The linearity of the amplitude char- 
Coe acteristic of the detector is preserved up to 0.1 V at its in- 
put. The linearity of the radiometer as a whole was checked 
against a matched load analogous to the load equivalent, 

the temperature of which was made equal to the tempera- 
ture of liquid nitrogen, melting ice, and boiling water, and 
also against radio sources with known radio radiation beams. 


Low-Frequency Part of Radiometer. The 
general appearance of the low-frequency part of the radiom- 
eter is shown in Fig, 5, It consists of a narrow-band low- 
frequency amplifier tuned to a modulation frequency F = 
178 Hz. Experience has shown that extending the transmis- 
sion band of a low-frequency amplifier in order to ensure 
complete transmission of the modulated signal does not 
lead to the expected gain in sensitivity both because of in- 
duced signals and because of the complications involved in 
ensuring that the harmonics of the signal and the reference 
voltage are cophased. So the transmission band of the 
amplifier was made sufficiently narrow: AF = 10Hz. Fur- 
ther narrowing of the band is inadvisable, since instability 
may appear here in the phase of the amplified voltage, especially when the amplification factor 
is changed by means of attenuators. In this case the requirements imposed on the stability of 
the modulation-frequency generator increase. The synchronous detector is mounted on a double 
6Kh2P diode, Balancing it eliminates the effect of instability in the reference voltage. Thus a 
variation of 3 dB in the reference voltage (Uamp1 = 11 V) goes practically undetected at the out- 
put of the radiometer. 


Fig. 5. General view of the low- 
frequency part of the resonator. 


The de amplifier is mounted in accordance with the usual bridge circuit, The reference- 
voltage generator and the power amplifier generate the sinusoidal voltage of the modulation fre- 
quency F = 178 Hz, The modulation frequency is chosen with a view to eliminating induced sig- 
nals from the supply system. The sinusoidal character of the voltage simplifies phasing and 
symmetrizing the voltage. 


Supply Blocks. Except for the modulation-frequency generator block, the radiometer 
is supplied from specially developed anode voltage stabilizers with a stabilization coefficient of 
2500, for a 10% variation in the voltage of the supply system. The external appearance of the 
stabilizer is shown in Fig. 5, and its circuit in Fig. 6. In order to reduce induced signals from 
the supply system a type V525 dc-filament voltage stabilizer is used in the radiometer. The 
modulation-frequency generator is supplied by the anode from a stabilizer with a stabilization 
coefficient equal to about 200, 


Switching on the QPA significantly reduced the intrinsic noises of the radiometer. Thus, 
whereas the noise temperature of the radiometer without the Q@PA (without the mirror channel) 
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To the other section 
of the block 
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Fig. 6. The theoretical circuit of the anode voltage stabilizer. 


S= 3° 10°°F W/m? + Hz 
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$=(7243):10°?* W/m? + Hz 
F=3952 


b 
Fig. 7. Readings of the radio sources: a) 3S 273; b) 3S 84. 


was 2700°, the radiometer with the QPA had a temperature of D0°K, i.e,, less than one fiftieth 
of the value in the other case. 


As was to be expected, such a reduction in the noise temperature revealed effects (para- 
sitic modulation, induced signals, etc.) which had previously been concealed in noise. Addition- 
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al tuning of the high-frequency channel, s.w.r. < 1.15, filling of the waveguide of the load equiv- 

- alent with gaseous helium, and supplying the filaments of the radiometer with very stable direct 
current made it possible to reduce these effects to the level of the noise path and reduce drift of 
the amplification factor to 2% per hour, 


In the process of tuning the radiometer it was discovered that when the time constant T 
varied from 0.5 to 2 sec the sensitivity of the radiometer with the QPA increased more rapidly 
(by about 30%) than could be expected from the relationship t~2. This property is evidently 


connected with the high-frequency component of the fluctuations (> 1 Hz) caused by helium boil- 
ing in the cryostat. 


In the radiometer a fluctuational sensitivity of 6T p = 0,024°K was achieved by calculation. 
In this, the total noise temperature of the radio telescope, according to the measurements, was 
taken to be T, = 120°K, the transmission band of the radiometer was Af = 20 MHz, 7 = 3.2 
sec, with the modulation being rectangular, the demodulation sinusoidal. The measured sensi- 
tivity in relation to sources with known radio-radiation flux densities, and by calibration from 
a standard load, was found to be equal to 6T = 0.024 + 0.003°K., 


3. Results of Observations 


The use of the QPA has improved the fluctuational sensitivity of the radio telescope with 
respect to the flux by about ten times. Its sensitivity was close to the calculated value and was 
6S =1.5- 1077? W/m? - Hz given the integrating [5] apparatus time constant r = 3.2 sec. By 
way of example, Fig. 7 shows the readings of the radio sources 3S 84 and 38 273, for which the 
flux densities of their radio radiation [6] are 7 + 0.3 and 31, respectively. In October 1963 
radio astronomy observations were begun. Readings of the Crab nebula showed that its right 
ascension, calculated for the epoch 1950.0, was @ = 5931™29.75 + 0.75, i.e., displaced by Aa = 
—25 + 10" relative to the center of the double star to the west. The diameter of the nebula, cal- 
culated from the half-luminance level, assuming Gaussian distribution, was equal to g = 3.27 + 
0.05'. But the total extension of the region of radio emission in the direction of right ascension 
(at the 1% level) is equal to 6 + 1' and with accuracy totheerror of measurement this coincides 
with the optically visible extension. 


The high sensitivity and accuracy in tracking exhibited by the radio telescope has made it 
possible for the first time to carry out observations on the occultation by the moon [7] of radio 
sources at a wavelength of 8 cm. Research by this method on the Crab negula has shown that 
in it, including the assumed location of the remains of the supernova explosion, there are no 
sources of low angular diameters (< 2") of which the radio emission contribution would con- 
stitute more than 2%. The center of gravity of the nebula is displaced in a northwesterly direc- 
tion relative to the center of the double star by Aw = —12 + 5" and Aé = +17 +5", This dis- 
placement is due to the presence in the northwest part of the nebula, at the location of a local 
formation [8] which is visible optically, of detail No. 3, the diameter of which is about 30", 
and whose radio emission contribution constitutes about 8%. But the region of radio emission 
does not go beyond the optically visible boundaries and practically coincides with them. 


By means of observations of an occultation of the radio source 38 273 it was possible to 
distinguish two components in the radiation from it. It turned out that the ratio of the flux den- 
sities of these components [9] at a wavelength of 8.2 cm is 0.31. 


The authors would like to express their deep gratitude to G. Ya. Gus'kov, A. D. Kuzmin, 
and A. E. Salomonovich for considering the article. 
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STATIC DESIGN OF A PARABOLIC REFLECTOR 
SUPPORTED AT MANY POINTS 


P. D. Kalachev 


Introduction 


The radio telescopes with a fully steerable antenna inthe form of a parabolic reflector are 
the basic type of radio telescope extant at the present time, The reason for this is that the 
steerable parabolic antenna successfully combines a number of advantageous properties, such 
as: ability to track the object under observation and to store the signal, capability of operation 
at several wavelengths simultaneously [1], relative ease and in speed in replacement of antenna 
feeds, and consequently easy and rapid shifting of wavelength ranges, particularly when the de- 
mountable control cabins located at the vertex of the main reflector are considered, plus some 
other advantages in addition. 


The international conference on the design of large steerable radio antennas held in Lon- 
don in 1966 showed that interest in parabolic antennas has not only not slackened, but on the 
contrary continues to mount. At the same time, parabolic antennas require a high order of en- 
gineering art for their design, backed up by serious scientific research on dimensions of the 
reflector surface, onthe elastic properties of the supporting structures of the reflector (load- 
bearing elements and ties), on shadowing of the aperture by antenna structures or spars support- 
ing the feed system, etc. One of the most difficult problems encountered in the design of large 
parabolic antennas is how to achieve high mechanical rigidity in the reflector. 


Deformations of the antenna reflecting surface stem from three principal causes: the ef- 
fect of dead load, wind loads, and the temperature brought about by exposure to sunshine, Wind 
loads account for something on the order of 10% of the load caused by dead weight [2] (at the 
operating wind velocity vo, ~ 6-12 m/sec); in the case of highly rigid parabolic antennas, which 
would of course have a high relative weight. Temperature deformations can be partially or 
totally eliminated, as was shown in [8], and the same applies to wind loads. Deformations due 
to dead weight cannot be eliminated under the conditions prevailing in the earth's gravitational 
field. The brunt of the problem is consequently that of designing a parabolic antenna of high 
mechanical rigidity and thereby minimizing deformations due to the dead weight of the antenna 


structures. 


The difficulty in achieving high reflector rigidity is that the reflector must rotate about 
its horizontal axis, and its elastic deformations must be as small as possible at any angle of 
the reflector, i.e., at any position of the reflector in space. Hence, attention must be paid to the 
following point. According to technological considerations, installation of the reflector panel- 
ling, check-out tests of the reflector, and any final adjustments and realignments must be car- 
ried out with the plane of the reflector aperture in the horizontal position. This means that the 
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shape of the reflector reflecting surface will 
correspond most closely to the design shape 


19 
a S ASSES 70 when the reflector is in that position. * 
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4 S DVN. Pan It will help if we designate this particular 
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| “BRR aS B This reflector configuration is independent of 
/\\ Kafe LX an \ /N elastic deformations due to dead weight, and for 
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TINIE weight effects into account, But these deforma- 
Ke G ARS tions, compensated by adjustments in the sur- 
LAN U\SS < \ we ° e 
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Ss CREE of gravity were eliminated with the reflector in 


horizontal position, the deformations would then 
reappear, but in the reverse direction, 


The same occurs when the reflector is ro- 
y AN ] tated about its horizontal axis. When the re- 
wy, flector aperture plane is in the vertical position, 
the direction of the force of gravity is parallel 
to the aperture plane, but in the normal direc- 
tion (to the aperture plane) gravitational force 
is absent at that reflector position. This brings 
about a state at the reflector equivalent to load- 
ing by symmetric loads acting in the opposite di- 
rection. Moreover, the reflector is loaded by 
dead-weight forces acting parallel to the aper- 
ture plane, and the pattern of deformations be- 
comes more complicated. The forces acting 
normal to the aperture plane cause symmetric 
deformations, while the forces acting parallel to 
the aperture plane are responsible for skew- 
symmetric deformations. 


Fig. 1. Diagram showing action of forces 

on a parabolic reflector supported at many 

points, a) Plan view; b) side view along 

the plane of rotation of the reflector about This article discusses a method for deter- 

its horizontal axis, mining symmetric elastic deformations of the re- 
flector due to dead-weight forces. 


1. Force Diagram of Parabolic Reflector 


Supported at Many Points 


Figure 1 shows the force diagram of a parabolic reflector supported at many points, with: 
I) reflector; II) intermediate eight-point support structure; III) nine-bar pyramid with central 
bar; IV) rotation sector unit; V) eight-bar pyramid supporting the feed system; O) support trun- 
nions; CW) counterweight beam; SD) semidiagonals; T) horizontal axis. 1, 2,... , 8 number the 
eight points of support of the reflector, formed by the eight-point intermediate support struc- 
ture; 9,10,..., 16, 17 number the auxiliary supports formed by the nine-bar pyramid, whose 
vertex rests on the counterweight beam; the letters K indicate the four nodal points of the inter- 
mediate support structure, by which this structure is joined to the rotating sectors, These 


*In that position, the reflector configuration will correspond to the design configuration to the 
level of precision of the measurements and adjustments, i.e., to within the technological 
errors in fabrication, 
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nodal points are situated with radial symmetry 
about the center of the reflector. The reflector 
load-bearing frame is a radially symmetric 
Space system of bars which incorporates radial 
members, chordal thrust members, and semi- 
diagonals in the lower panels, designated 18, 
19, and 20, respectively. 


Figure 2 shows the intermediate eight- 
point support structure with the rotation sectors 
in three projections. 


Appearing in the force diagram of the in- 
termediate support structure are: 1-4, 8-5, 
2-7, 3-6, the main girders; 1-8, 4-5, 2-3, 5-7, 
the end girders; 1-2, 3-4, 5-6, 7-8, brace 
struts; K-9, semidiagonals; 10-10, tie-bars. 
The letters K denote the points of support of 
the intermediate support structure, i.e., the 
Fig. 2. Force diagram of the intermediate nodal points joining the structure to the rota- 
eight-point support structure, and the rota- tion sectors. 
tion sector unit. 


Two rotation sectors interconnected by 
the counterweight beam, the horizontal axis 

tube, and a system of constraints joining the rim of the rotation sectors in the manner of a 
squirrel cage, form a rigid assembly capable of transmitting bending moments and torques ap- 
plied between the support trunnions. The intermediate eight-point support structure, the nine- 
bar pyramid, and the rotation sectors unit combine to form the many-point support system for 
the parabolic reflector. In this case the support system rests on 17 points of support situated 
in radial symmetry about the center of the reflector. 


When the reflector aperture plane is in horizontal position, the eight principal supports 
(1-8) formed by the intermediate support structure have the same rigidity, because of the 
structure's symmetry and the symmetry in loading. All the radial thrust members are situated 
identically with respect to the points of support, so that they all exhibit the same rigidity. Eight 
auxiliary points of support (9-16) formed by the side bars of the nine-bar pyramid also exhibit 
identical rigidity thanks to symmetry. If we now provide identical rigidity for the first and 
second groups of supports, as well as for support 17 formed by the central bar, thenall the sup- 
ports will have the same rigidity, and their displacements will not affect the shape of the re- 
flector. 


In this case we are dealing with displacements parallel to the geometrical (optical) axis 
of the reflector, i.e., perpendicular to the aperture plane. In addition to the vertical components, 
all the points of support, except the central one, will also have horizontal components of the dis- 
placement which need not be taken into account in a first approximation. This is because, for 
one thing, the rigidity of the reflector in the radial directions is many times greater than its 
rigidity in the transverse direction, i.e., along the normal to the aperture plane; for another, 
distortions in the reflector configuration constitute only an insignificant portion of the radial 
displacements, particularly in the middle portion. 


2. Choice of Basic System 


The design of a parabolic reflector for rigidity reduces to two principal cases: a) design- 
ing for symmetric loads, where the symmetric deformations corresponding to those loads are 
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Fig. 3. Force diagram of one-fourth of the reflector with main support 
points and auxiliary support points singled out from remainder of re- 
flector. 
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Fig. 4.’ Basic system of the reflector (isometric projection). 1) Radial 
thrust members; 2) chordal members; 3) semidiagonals in lower panels; 
K— K) radial direction of stress X,, 


to be determined; b) designing for skew-symmetric loads, where the skew-symmetric deforma- 
tions have to be determined. 


In this article, we consider the case of a symmetrically loaded reflector, corresponding 
to the horizontal position of the aperture plane. In that case, the symmetry of the structure and 
of the loading means that the stresses in all semidiagonals other than those reaching the nodal 
support points will be zero, 


Consider, for example, nodal point n (see Fig. 1). The stresses in the semidiagonals 
stretching to the nodal point n must be equal in magnitude and sign, by symmetry, and accord- 
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Fig. 5. Basic system for portion of reflector singled out for calculations. 


ingly will yield a component normal to the chordal member. But since the chordal member is 
not capable of taking up stresses applied perpendicular to it, the stresses in the semidiagonals 
vanish, The stresses in all the respective (symmetric) members are the same, It is therefore 
sufficient to carry out calculations for just one fourth of the reflector, consisting of two adja- 
cent diametrally placed thrust members mutually intersecting at the center of the reflector, 
and the thereto adjacent chordal members and other thrust members. This portion of the re- 
flector, as designated in Fig. 1 by the letters A— A'—A and B— B'—B, is depicted in Fig. 3, 
where V are the bars (spars) of the pyramid supporting the load of the feed system; 2, the bars 
of the nine-bar pyramid; 1, 9, 17, 13, and 5, the supports for the reflector. The entire reflector 
consists of four such parts, and each of these rests on five supports. A part of the load-bear- 
ing frame of the reflector including the two main supports 5 and 6, appears in Fig. 4 in iso- 
metric projection. 


As stated earlier, only those semidiagonals in the lower reflector panels which reach to 
the support nodal points €.g., to points 1,9, 13, and 5 in Fig. 3) actually do work in symmetric 
loading. As for the chordal (or annular) thrust members, all chordal members are in principle 
loaded symmetrically, but deformations, and with them stresses, in the chordal members are 
small in the central region of the reflector where the surface deviates only slightly from the 
horizontal plane, and they may be ignored in order to simplify the calculations. We can then 
adopt the system depicted in Fig. 5 for that portion of the reflector singled out as the main por- 
tion, 


The two basic (extreme) supports imitating the intermediate support structure are elastic 
supports, Three auxiliary supports are formed by three bars of the nine-bar pyramid, whose 
vertex (O) is also fastened to the elastic support (counterweight beam). 


Our redundant unknowns are; the thrust forces X, stemming from the effect of the inter- 
mediate support structures; forces X, and X; acting in the bars of the pyramid; forces Xy4, Xg, 

, X43 acting in the chordal members (hoop stresses), Here we consider the special case 
where the number of redundant unknowns is 13. In large parabolic reflectors, the number of 
chordal elements, and consequently the number of redundant unknowns, may be quite consider- 
able, Since an increase in the number of unknowns entails a marked increase not only in the 
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Fig. 6. Simplified basic system for the portion 
of the reflector singled out for calculations. a) 
Plan view; b) side view; K = 2sina. 1) Re- 
flector; 2) intermediate support structure; 3) 
counterweight beam; 4) thrust members of ro- 
tation sector (spokes), 


Fig. 7. Basic system for the intermediate sup- 
port structure. 


volume of computational labor, * but also in 
the number of possible errors, it becomes 
advantageous to minimize the number of un- 
knowns in any valid simplification of the com- 
putational schema and basic system. 


The basic requirement of the force dia- 
gram of a reflector support-mounted on many 
points is that the vertical components of the 
displacements of all its supports be the same. 
This’ means that transverse deformations of 
the load-bearing frame of the reflector will 
be possible only in the bays intervening be- 
tween supports, and in cantilevered members. 
Transverse deformations of cantilevered 
structures can, in general, bring about severe 
longitudinal deformations of the chordal mem- 
bers, e.g., the members of the outer annulus, 
for example, But transverse deformations in 
the bays between supports cause only slight 
longitudinal deformations of the chordal (an- 
nular) members, particularly at mid-span. 


Taking this circumstance into account, 
we can greatly simplify the basic system for 
the reflector. Figure 6 shows a simplified 
basic system for a reflector. The force 
coupling of that part of the reflector singled 
out for calculations is shown in side view, 
with the intermediate support structure and 
the counterweight beam, This system in- 
cludes only five redundant unknowns: X;, 
..., Xs, Where X, is the thrust force (effect 
of the intermediate structure), X, and X; are 
forces acting in the feed pyramid bars, X, 
and X,; are forces acting in the chordal mem- 
bers of the outer annulus. In Fig. 6b, the 
dead weight of the one-fourth of the reflector 
singled out for calculations (4G;ef,) is arbi- 
trarily shownin the form of a load distributed 
over the length of the projection of the diam- 
etral members. P and Q are concentrated 
loads on the beam due to the counterweight 
P and the pyramid bars Q, respectively. 


The dead weight of the counterweight beam is depicted as a uniformly distributed load.q. One 
of the features of this force diagram for the reflector and its supports is the fact that this dia- 
gram is made up of three clearly distinguishable force subunits: the load-bearing frame of the 
reflector with the nine-bar pyramid, the intermediate eight-point support structure, and a rota- 
tion sector with a counterweight beam. Correspondingly, the computational schema and the 
basic system can also be broken up into three parts: one for the portion of the reflector singled 


*The volume of computational labor increases in proportion toroughly the square of the number 


of unknowns. 
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Fig. 8, Basic system for the portion of the Fig. 9. Basic system for rotation sector 
intermediate support structure singled out unit joined to counterweight beam. 


for calculations, E) End semigirder; M) 
main semigirder, 


out in the calculations (Figs. 5 and 6), one for the intermediate support structure (Figs. 7 and 8), 
the third for the counterweight beam (Fig. 9). 


Figure 7 depicts the basic system for the intermediate support structure (in plan view) 
containing one redundant unknown, 


Figure 8 shows the one-fourth of the intermediate support structure (in isometric projec- 
tion) corresponding to half that part of the reflector depicted in Fig. 5, i.e., to the two adjacent 
radial girders with the adjoining chordal members and semidiagonals, 


The basic system for the unit including the rotation sectors and the counterweight beam, 
which also contains one redundant unknown, is depicted in Fig. 9. 


The entire reflector system and its support members therefore contain a total of seven 
redundant unknowns, but the system divides into three independent systems, two of which con- 
tain only one unknown apiece. 


3. Static Design of Reflector and Its Support 
Members by the Disjointed Schema 


It was noted earlier that the reflector design on the many -point suspension support (Specif- 
ically, 17-point support) in question consists of three design units; the reflector with the nine- 
bar pyramid, the intermediate eight-point support structure, and the rotation sectors with the 
counterweight beam. 


Static design using the disjointed schema consists in performing calculations independent- 
ly on a portion of the reflector separated out in the basic system (Fig. 6), the intermediate sup- 
port structure in the basic system (Figs. 7 and 8), and the unit comprising the rotation sectors 
joined to the counterweight beam (Fig. 9). Here the reflector system contains five redundant 
unknowns, while the system for the intermediate support structure and for the rotation sectors 
have, as stated earlier, one such unknown apiece. 


Determination of the unknowns is of no particular interest to us in the case of the systems 
of the intermediate support structure and rotation sectors, and will not be discussed further, 
But the system for the reflector contains several interesting features, and their discussion will 
be profitable. The problem is that displacements in the basic system for the reflector depend 
on the elasticity of the intermediate support structure and rotation sectors. 
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The system of canonical equations for the basic scheme of the reflector and the nine-bar 
pyramid is written as follows: 


61.Xy + 812 X0 + OysXa +--+ SysX st Aryp= — X18 — Xob12 — X261a — Arps 
b21X4 + Oo2Xo + b23.X.3 + mre + 605A 5 +b Asn —= X4d01 —_ X» (So0 + 550) ~~ Xs (Sa3 as 593) Aop — Aops 


ae ae . (1) 
591X1 + 892.X2 + ds3X3 ++ +--+ b35X5 + Agy = — Xyd31 — Xe (S32 4- S2) — Xg (553 + 533) — Asp — Asp » 


O41X4 + O4oXo + OasX3 ++ ca. + O45 5 + Aap — 0, 
O51%41 + O50. Xe + O53.X3 +: ‘=f O55 5 + Asp = 0, 


In the general case (torsion and temperature effects neglected), the coefficients attached 
to the unknowns, and the free terms in the right-hand members of the equations, are determined 
by the familiar formulas [4] 


4 <2 1 (yze 22 be ( a2 2 
b= = (SMe) te l\MT+ Cas, 

4 =~ l 1(awwa d =n a 
by =o (XX se + + MMi > + $\ OOF, 


where the first terms to appear are the displacements due to deformations of the bar or strut 
members of the system, the second and third terms are displacement due, respectively, to bend- 
ing deformations and shear deformations in the truss members of the system, The right-hand 
members of the system -of equations (1) represent the effect of the intermediate support struc- 
ture and rotation sectors with counterweight beam, and are determined by the formulas 

Hb = (3 XNea zp, jg + 7 Mido + Fe ( Cia, 

'£ /pariss 7. Foar 

where the first term is the displacement in the X, direction due to deformations of the bars in 
the intermediate support structure (bar iss), the second and third terms represent the displace- 
ment in the same direction due to bending deformations and shear deformations in the strut 
beam 5—5, (see Fig. 8) forming the basic point of support for the reflector; X; and Nsx, are; 
respectively, the stresses in the strut members of the intermediate support structure due to ef- 
fects X,; =1 inthe basic system, and the total stresses in those members with the stress X in 
the brace strut taken into account; M, and Q, are, respectively, the bending moment and the 
transverse force in the strut beam due to the effect X, = 1; / and F are the lengths and areas 
of the bar (strut) transverse cross sections; I, F pa, , and w are the moment of inertia, area of 
the transverse cross section, and coefficient of the cross section of the beam; k = E/G; E and 
G are elastic moduli of the first and the second kind. 


E81. = (> XN yx, =) 


E86, = 281 COS 0, 


bariss ” 


where Nzx, are the total stresses in strut members of the intermediate support structure due 
to the effect X, = 1 with the stress X] in the brace strut taken into account, 


Since the stresses in the truss member 5— 5, due to the effect X, = 1 and X, = 1 vanish, 
the terms containing the integrals also vanish. 
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mo l — dx — dx 
EAyp = (S) XiNyp F) pa ses \ MMs» TT ++ pk \ QiVzp Foar’ 
Here Nyp are the stresses in the strut members of the intermediate support structure due to 
load (dead weight of system) with the stress in the brace strut taken into account; Msp and Q yp 
are the bending moment and the transverse force in the truss member 5— 5, with the stress 


X, in the brace strut taken into account (see Figs. 7 and 8). 


£600 = (3) Xiu 7) 


= l — ax an dx 
bar iss + » A2Nox, |] +\ MMos, 5 + wh) QiQon pe 


barsect 
where the second term represents the displacement due to deformations of the strut members 
in the rotation sector unit due to the effect X, = 1 with the stresses in the semidiagonals X] 
taken into account; the last two terms represent displacements due to deformations of the 
counterweight beam, with Myx, and Qxx, the bending moment and the transverse force acting 
in the beam due to X, = 1 with the stress in the semidiagonals X]} taken into account. 


S25 = 2692 cos 8, 
a a) _ 7 dx 0.0 rn, oe 
F’Agp = (>) Veep F bat iss ++ » XN yp +) barsect + (\ M2M xp Tt uk \ C2 Qe Fux} v 


t.5—5, 

+ (\ Mi. Moy > + pk | Q2Qr» =~] ; 

bar’ cwb 
where the first two terms are the displacements due to deformations of the strut members of 
the intermediate support structure and rotation sector unit; the last two terms are displace- 
ments due to bending and shear deformations, respectively, of the truss members of the inter- 
mediate support structure (beam 5—5,) and rotation sector unit (counterweight beam) due to 
load (dead weight of the system); Nyp, Mgp, and Q Ep are, respectively, the force factors taken 
with stress in the brace struts X] and semidiagonals Xj' taken into account. Now, 


555 = 48o0 cos? 0, 


Asp = 2Aop cos 8, 


As for 64,, 64,, 642, these are of course equal respectively to 6],, 6]3;, and dds. 


The system of equations (1) can be written differently, by transferring all terms of the 
equations on the right to the left, and reducing similar terms: 


(811 + S31) Xy + (619 + Sts) Xo + (S13 + S33) Xap + Ors X ist (Arpt Aip)=0, 
(Ser + So) Xy+ (822 + Sx + S32) X2 + (599+ So5 + 835) Xa + ++ + b25Xs + (Acp + Aop) = 05 


(891 + 651) Xa + (Ss2 + 8g.) Xe + (833 + 635) Xa +++ + bs5Xs+ (Asp+ Asp) =9, 
b41X1 + 8 42X- + b13.X3 a + ba5X5 +- Aap — 0, 
55.X1 + S5oXe + S53X3 + ++ > + 555X5 + Asp = V. (2) 


The notation of the system of equations (2) reflects only the (formal) fact that the sum of the 
displacements in directions 1, 2,... , 5 due to the effects of all the force factors balances out 
at zero, i.e,, the structure is continuous. But the notation of system (2) will be needed later on, 
in order to demonstrate the identity of the coefficients and free terms obtained in the disjointed 
schema with the coefficients and free terms which we derive later on in the discussion of the 
static method for designing the reflector and its suspension supports as a unified system. 
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4, Static Design of Reflector and Its 
Suspension Supports as a Unified System 


Here the system consists of the reflector, intermediate eight-point support structure, 
nine-bar pyramid, and unit combining the rotation sectors and the counterweight beam (see 
Figs. 6-9), and contains seven redundant unknowns: X;, Xo,... , Xs, X] and X]'. Denoting Xj and 
X]! respectively as X, and X,, we now rewrite the system of canonical equations for the seven 
unknowns 


bn Xy + bio Xe ++ 13X35 ++ bia X4 -1- b15X5 + die Xe + b17X7 a Aip —= 0, 

Bop X1 + SooXe + bogX5 + So Xq + SesXs + SoeXe + barX7 + Ap = 0, 

Bar X1 + Sa2X2 + b3Xo + Sq X4 + Oa5%X5 + O3eX6 + §5;X7 + Azy = 0, 

Bar X1 + SarXo + Sag Xo + OagXq + OssXs + SasXe + SarX7 + Aap = 0, (3) 
551X1 + Os2Xe+ OsaXa + OsaXa + OseXs + bseXe + 5572X7 + Asp = 0, 

561X1 + SpoXo + SeaXa + SeiX4 + SeeXs + SeeXe + OerX7 + Mop =, 

B11 X1 + Son Xo + 89g.X5 + Opa X a + 55 X5 + See Xe + 677% 7 + Ary = 0. 


Here the coefficients attached to the unknowns, and the free terms, are generally different from 
the coefficients and free terms of system (1), and are therefore written with bars above. 


The coefficients and the free terms in system (3) can be expressed in terms of the coef- 
ficients and free terms in system (1) in the following manner: 


bu = 2 (> Xia EF uF)... + +(> ia EF EF ) ya: iss +\ Mi =r +n\ Q oF r (4) 


where the first term represents the displacement due to deformation of the struts in two adjoin- 
ing radial girders in the reflector (see Figs. 5 and 6), as well as the bars of the nine-bar pyra- 
mid; the second term represents the displacement due to deformations of the bars (struts) in 
the intermediate support structure, and the last two terms account for displacement due to de- 
formation of truss members in the intermediate support structure. But 


a2 i! 
2 (S Xia), = ou (5) 
v2 iL Aare az m2 dx _ gf bite 
(> a EF )oat at) My El +n) 1 EF yar 7 on + dee 6) 


Equation (6) can be proved as follows. We represent the displacement of point 5 on the 
intermediate support structure (see Fig. 8) in the X, direction as 


on = >> TF or +I Mi =r T W\ Or GF bay —[(d x MEF EF EF )yariss Xi. ” 


Here the first three terms are the displacement of point 5, while ignoring the effect of the 

brace strut in the intermediate support structure; they are followed by a binomial term (in 
square brackets) multiplied by X} (the stress in the brace strut) giving the displacement of point 
5 due to the effect of Xy- 
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The stress in the brace strut is in turn determined from the basic system for the inter- 
-~mediate support structure (Figs. 7 and 8) by using the Maxwell— Mohr formula [4] 
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Accordingly, X} = 5,¢/ de. 


Substitution of the value of X from Eq, (9) into Eq. (7), with Eq. (8) taken into account, 
yields 


, _ =2 l Vk dz 83, 
én = (> Xi EF bar et) 7 l Fy El +u\ Ge GF ya ar Bes. 


or 
(> Xi EP EF oar et) Mi or + b\ Oa CF ya, = =o . 
From Eqs. (4)- (6) we get 
B= tu ton te. (10) 
Similarly, 
bn = 2 (2 XX iF} rg + (> XX EF ) bat iss? (11) 
where 
, (> XX, EF )r = by (12) 
and 
Bin =(DXTe Fear jog 7 (UN Be FF )bariss®” (13) 
where 
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= I x 
(> XiXy EF )bariss = Os. (15) 


Substitution. of the corresponding values from Eqs. (14) and (15) into Eq. (13) yields 


/ [ a § 
O12 (> Xe EF /pbar iss 18 See (16) 
And hence 
— l _ gt d1cd08 (17 
(> AX. EF \bariss = O12 See 


Substitution of Eqs. (12) and (17) into Eq. (11) yields 


Sao = O12 + Syp - ae (18) 
Oge 
And, similarly, 
Bia = Ora + Ogg pe ee Site (19) 
di = O14, 815 —= O15. (20) 


The displacement due to the effect X, = 1, i.e., X'] = 1, in the X, direction will be zero, 
837 = Q, 
since the stresses in the radial truss members and in the intermediate support structure due 


to the effect X, = 1 will be zero, and the stresses in the members of the rotation sector unit 
due to the effect X, = 1 will be zero. 


Similarly, 
bre 
Aip = Arp + Atp + 
Ba (21) 
851 = dy = bio + S12 += , 
See 
_ v2 «(Cf v2 «Cf az =3 ax 

Ox2 = 2 > A» EF Jr. >} As EF |bar ist ( Moar “Er tb Q2 GF (22) 

8 bar /cwb 

where 
—9 
v2 «2 _ 536 
(> Xs EF )bat iss Sas + Bee (24) 
aan dx mo dr gn, 8 

Vr + OVC cae OE Be 6) 


Equations (24) and (25), representing displacements due to deformations of the intermedi- 
ate support structure and counterweight beam of the rotation sectors, can be expressed by the 
following relationship: 
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where 


From Eqs, (26) and (27), we have 
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Substitution of the corresponding values from Eqs. (23)-(25) into Eq. (22) yields 
x2 
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Again, similarly, 
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_ ; zt , 5 
See 577 
Note here that 


Ses = Sar = O56 = 557 = 0, 


since the stresses in the members of the intermediate support structure and in the counter- 
weight beam due to the effects X, = 1 and X; = 1 are zero, and the stresses in the radial truss 


members due tothe effects X, = 1 and X,; = 1 are also zero. 
Hence, the system of equations () becomes 
yr X1 + SNe + SisXa+ OuXe + O1sXs + b1eXe + O + Ary = O, 

bo1X1 + 5ooXo + bo3X 3 + SoaXa + d05X5 + bogXe + b52X7 + Aop — O, 

b31.X1 + d3o.X9 + dggX3 + Ss4Xa + S35.X5 + da¢Xo + 537.X7 + Asp = Q, 
S41Xa + ae Xe + SasX5 + baaXa + dysXs+O+0 4 Ay =O, (33) 
851X1+ bs2X2 + SsaX3 + b54Xe + b55X5 + O+ 04+ Agp = O; 

5e:X1 + SeaXe+ SesX3 +O +0 + deeX—+ 0 + Asp =O, 
O+ 8X2 + 63X3-+ O +O0+40 4 6X,+ Aap =Q, 


It is clear from Eq. (83) that the resulting system of seven equations in seven unknowns 
can be converted into a system of five equations in five unknowns. 


Utilizing system (33), we now express X¢, and X, in terms of X,, X», and X3: 


_ BerX1 + Se2X2 + SesXs + Asp 
= a 
= 872Xa-+873X3 + A,, 


xX, = = 
, 577 


? 


X¢ 


Substituting the values of X, and X, in the first three equations of system (33), and reduc- 
ing similar terms, we end up with a system of five equations in five unknowns: 


1X1 + by2X2 + disXa + Xa + Sis Xz + Ay = 0, 
boi X1 + be2X0+ da3X3 + beaXa + ba5X5 + Mop = QO, 
651% + d92.X¢ + 33X3 + 8saX4 + ds5X¢ + Asp = QO, (34) 
SarX1 + Oa2Xeo + SasXo + Sasa + bysXs + Aap =, 
b51X1 4+-B5a.X— + b53.X3 + bsaXe + d55X5 + Asn =O, 
where 7 
ou = bu _ ze ’ bio = 12 Breda ’ 


See 
= _ 5? 5? 
Seo = bo, — =e — =, 35 
Se5 O77 (35) 
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43 
- = — Boe — —— 
Arp = Arp — 5 : Asp — = Arp, (35) 
66 
= ~ §? 52 
b33 = b33— — — ’ 
See 827 
Asp = Asp —— Agp — Arp. 
See 677 


Substituting the values of Oats 5 103 
into Eqs. 65), we get 


. +, Oik, Aik from Eqs, (10), (18), (19), (21), @8)- 62), 


= . 8 & , 
Out — Oi + Oi + —* — = b14 + O11) 
See 66 
= 5 Z 5160 , 
O12 = O12 + die + EE = bya + One, 
See 
8 e 5160 
313 = = dis + b13 += = = —_ = = b13 + S135 
See 
= Sate big 
Ay = Ayp Aip + — 


a 


____8P_ 
566 


688, 


82, 
= Ove + boo +o —~ + Soo += —s i = O09 + Soo + Soo, (96) 
52 See 577 
Syn = Say + Oi +E + Oi + Sete Sen _ Bebo _ 9, 4 85 4.85, 
See 577 
_ 52, 52 
bss = 53 + On + Fe + oH ~ + O55 — = — = $55 4 b55 + Sys, 
See 577 
_ Sag 
Agp = = Agp + Asp + 2 5 Aon + Asp + bu = Ap — “3 — 2 Arp = Asp + Asp + Asm. 
66 77 
Asp = Asp + Asp + a Bop + Aip + 2 Bip — Sep — Bre = Asp + Aap + Ady. 
77 


The resulting coefficients and free terms coincide with the respective coefficients and 


free terms of the system of equations (1). 


This means that our system: reflector, intermediate support structure, and rotation 
sector unit, containing seven redundant unknowns, can be solved by using the system of equa- 
tions in five unknowns and using the two equations each containing one unknown, 


After determining the redundant unknowns, we can do the remaining static design calcu- 


lations in the usual manner, 


formulas 


1, We find the computed (total) stresses in all the members of the system, using the 


i=6 


Neomp = Ne = Dy XiXit Np, 


Meomp = My 


Qcomp= 


i=l 


— 3M,X;+ Mp, (37) 


Or = 2QiX,4+ Qn, 
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where Ns, Ms, Qp are the total stresses applied to the 
system's truss members by stress in its strut mem- 
bers, by bending moments, and by transverse forces, 
due to the effects X,, X),...»Xs; Np»Mp,@p are 
the corresponding stresses due to load (dead weight of 
the system). 


Fig. 10. Diagram of profile of re- 
flector reflecting surface. 2. A static and a kinematic check is done on the 
computed stresses, with the criterion for correct solu- 
tion of the problem being that all internal and external forces acting on any unit of the system 
sum to zero, and displacements in any cross section of a thrust member of the structure bal- 
ance out to zero (continuity condition of the structure). 


3. The vertical components of the displacements of the eight main supports and nine 
auxiliary supports of the reflector are determined. If the vertical components of the main sup- 
ports and auxiliary supports are identical, then the displacements in the midspan and cantilever- 
ed portions of the reflector are determined. If the vertical components of the displacements of 
supports are not identical, we achieve identical displacements by strengthening or weakening 
cross sections of the counterweight beam semidiagonals and of the bars in the nine-bar pyramid. 
As calculations using the schema discussed show, it is sufficient to carry out six to eight re- 
calculations with appropriately modified cross sections in order to arrive at a satisfactory 
result, 


The displacements are determined in the usual manner: 
1 away l 1 (=; d > d 
b= ge IMNe pte \ MMe Ft G\OOe Fe 38) 


where the first term is the displacement due to deformations of the strut members of the sys- 
tem, and the last two terms are displacements due to bending and shear deformations of the 
truss members of the system; N,, M,, and Q, are stresses in the strut members and, respec- 
tively, bending moments and transverse forces in the truss members of the system due to unit 
load applied at the point and in the direction of the unknown displacement; Ny, Ms, and Q= are 
the computed stresses, bending moments, and transverse forces in the respective members. 


There are also horizontal components of the displacements in the main and auxiliary sup- 
ports of the reflector, in addition to the central support. They correspond to some additional 
vertical displacements (or displacements normal to the reflector profile) which distort the re- 
flecting surface of the reflector. 


Consider the possible magnitudes of these additional displacements. It is clear in Fig, 10 
that corresponding to the additional horizontal displacement Ax we have a transverse displace- 
ment, i.e., a distortion of the reflector profile Ay equal to 


Ay = Ax tan Q, 


where tang = y'. For the reflector parabola, we have 


A a ; 


x 
Y= TR? y — oF? 


where F is the focal distance, Usually, F = (0.33-0.53)Drefi, where Dyeg is the reflector diam- 
eter. 
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Assuming F = 0,43Dryef1, and determining the displacements at the points of auxiliary and 
‘main supports, we obtain: 


a) for the radius at which the auxiliary supports are placed, roughly at 0.2Dref} 
, 0.2D rer 
Yaux sup 4-0.4D. 065 


Ay = 0.12Az, 


aux sup 


= 0.12, 


i.e., the distortion of the reflector profile due to horizontal displacements of the auxiliary sup- 
ports is only about 12% of the horizontal displacement; 


b) at the radius at which the main supports are placed, roughly at 0.4D,e¢): 


a 0.24, 
= 0,24Az, 


Ymain sup 


AY main sup 


i.e€., distortion of the reflector profile due to horizontal displacements of the main supports 
amounts to about 24% of the horizontal displacement. 


The magnitudes of the horizontal displacements of the supports themselves prove to be 
insignificant, since the rigidity of the reflector in the vertical directions, i.e. , in the planes 
parallel to the reflector aperture plane, is several times greater than the rigidity in the trans- 
verse direction. 


As calculations have shown [5], the horizontal displacements of the auxiliary points of 
support amount to about 10% of the vertical displacements, while the horizontal displacements 
of the main points of support amount to about 25% of the corresponding vertical displacements. 


Hence, the horizontal displacements of the supports do not seriously affect distortion of 
the reflector profile, and can be disregarded in a first approximation. 
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RIGIDITY OF CANTILEVER MOUNTING 
OF PARABOLIC MIRRORS 


P. D. Kalachev 


The method of mounting a fully rotational parabolic mirror (parabolic antenna) on the 
rotary support is one of the most important factors determining its mechanical rigidity. In our 
opinion, multisupport mounting with a radial-symmetric arrangement of the supports is the 
most suitable one for a radial-symmetric (cyclic) loading scheme of the mirror frame. In par- 
ticular, hub mounting of the mirror frame constitutes a radial-symmetric mounting system. 


In fact, while it is radial-symmetric, a hub mounting does not constitute a multisupport 
mirror mounting, It is referred to as a cantilever system, While it is structurally the simplest 
system, a cantilever mounting has a considerable disadvantage: the basic load-carrying ele- 
ments of the mirror frame, the radial elements, operate as cantilevers and are thus subject to 
considerable strain. 


Figure 1 shows the schematic diagram of a cantilever mounting similar to that of the 
Australian radio telescope located near Sydney [1]. Strictly speaking, it could be referred to as 
a radial-symmetric (cyclic) system if the diameter of the hub were "equal to zero." 


In practice, this means that not only the relative, but also the absolute, dimensions of the 
hub must be small if the hub is to be considered as absolutely rigid. It is seen in Fig. 1 that 
the mirror hub has two support pivots, so that the deflections (vertical displacements) at differ- 
ent points of its contour (in the plan) are unequal, i.e., the greater the distance from the support 
pivots, the larger the deflection. The deflections are at a maximum at two points on the diam- 
eter perpendicular to the line of the support pivots. However, the rigidity of the hub can be 
considerably increased by using a multisupport mounting, in particular, a four-point support, 
which is readily provided by means of a two-sector structure. Two rotation sectors with two 
support pivots provide four equally rigid supports for the hub, whereby its rigidity is increased 
by almost one order of magnitude. 


In order to arrive at acceptable absolute dimensions of the hub for its assigned strain, 
we shall consider the deflection of the hub as a function of its dimensions. 


Figure 2a shows the schematic diagram of the hub, constructed in the shape of a regular 
dioctahedron, which is bound by inside radial tie ribs. Figure 2b shows the rotation sectors 
with the horizontal axle and the support pivots. The diametric ribs, which are equally spaced 
with respect to the supports, are designated by the same figures; the near ones are marked by 
1-1, and the distant ones are marked by 2-2, It is seenfrom Fig. 2b that the four support 
points on the rotation sectors are characterized by equal rigidity relative to the support pivots. 
This is the simplest way of transforming the two supports at the pivots into four equal supports 
for the hub. However, this does not secure complete radial symmetry of the support mounting 
(suspension) of the hub. A minimum of eight supports, one alternating with every two neighbor- 
ing ribs, is necessary for complete radial symmetry. 
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Fig. 1. Mirror with hub mounting (canti- 
lever mounting). 


> 


Th at 
aoe 
a 3 


a | 
‘nd 
WY Y 
Fig. 2. Loading scheme of (a) the para- 
bolic mirror hub, (b) the rotation sector 

unit with support pivots. 1) Rotation 
sectors; 2) support pivots; 1-1, 2-2) dia- 
metric elements (ribs); 0) hub support 


points; 0') critical hub support points on 
the rotation sectors. 


In the case of eight-support radial-symmet- 
ric mounting of the hub, the problem of its intrin- 
sic rigidity is eliminated, since it does not affect 
the distortion of the mirror, * However, since 
eight-support hub mounting requires a more com- 
plicated structure, we shall limit our considera- 
tions to the rigidity of a hub with four supports. 


Let us consider the maximum deflections of 
a hub due to its own weight, with its axis in the 
vertical position (see Fig. 2a), The maximum de- 
flections will be at the points C, positioned sym- 
metrically between the supports.f Due to the 
structural and loading symmetry, the hub is twice 
statically indeterminate. It is sufficient to deter- 
mine the stresses and strains in the elements 
forming one-eighth of the hub structure, since the 
stresses and strains repeat themselves in all the 
other corresponding elements. 


Figure 3a shows the basic system for one- 
eighth of the hub. The support rods (ties) K re- 
place the action of the discarded part of the hub. 
A small part of the wall, 0-0-Hi-Hi, has been re- 
moved and replaced by two hinges, Hi. The re- 
dundant unknown X, constitutes the shearing force 
of interaction between the two intersecting dia- 
metric ribs 1-1 and 2-2; the redundant unknown 
X» represents the bending moment exerted by the 
rejected part of the hub. It should be noted that 
the rotation of sections of the hub ring above the 
supports and at the points C (at midpoints be- 
tween adjacent supports) is equal to zero due to 
symmetry. The bending moment X, in the ring 
remains constant because of symmetry [2]; the 
bending moments due to other loads are distrib- 
uted throughout the ring as in a straight plane 
beam. Therefore, the system shown in Fig. 3b 
constitutes the basic system for the ring. Here, 
q kgf/cm) is the uniformly distributed load due 
to the hub weight, P (Kg) is the concentrated load 
due to the rib weight, and X,; and X, are the re- 
dundant unknowns acting on the ring. Figure 3c,d 


* Naturally, the hub must possess the minimum 
rigidity required of anordinary metal structure. 

f We are not interested in the deflection of the 
hub's central point on the geometric axis, al- 
though it could be larger than the deflection at 
the point C, 
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Fig. 4. Cross section of the 
Fig. 3. Basic system for a part of the hub. hub element. 


shows the basic systems for the diametric elements (ribs) of the hub, Here, q (kgf /cm) is the 
uniformly distributed load due to the rib weight, m, and m, are the bending moments in the radi- 
al elements 1 and 2, respectively, caused by the bending moments due to the loads q and P, mx, 
is the bending moment in the radial element 2 due to the action of X, on the ring beam, and mx, 
are the bending moments in the radial elements, caused by the action of Xp». 


The bending moments m;, m2, mxy,, and mx, arise in the radial elements due to the fact 
that the ring beam does not lie in the same plane and has breaks at intersections with the radial 
elements. * The above bending moments are determined by the following relationships: 


m= 2Mr, sin o (1) 


My = 2m,, Sina; 


my, = 2aX sina, (2) 
Mx, = 2X sil a, 
where my, = 0.5g,a° is the bending moment due to the load in the ring at section 1, My, = 


4.5¢,a° + 2aP is the bending moment due to the load in the ring at section 2, and aX, is the 
bending moment in the ring due to X, at section 2. 


By substituting the my, and my, values for X; = 1 and X, = 1 in (1) and (2), we obtain 


Mm, = g,a*sin a, 

mM, = (9g a* + 4aP) sina, 

mx, = 2a sina, (3) 
Mx, = 2sina. 


For the sake of simplicity, we assume that the ring and the radial elements of the hub are 
simple plane beams with a rectangular cross section (Fig. 4). The moment of inertia of the 


*The bending moments acting in the ring at the breaks of the ring beam (the line of intersection 
between the ring and a radial element) are decomposed into two components, one acting in the 
plane of the radial element and the other in the plane of the new direction of the ring element. 
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transverse cross section of such a beam relative to the Z-Z axis is given by 


—_ 


__ tHs (4) 


— 


12 ° 


The cross section of the beams is designed with a view to decreasing their flexibility by 
concentrating much of the cross-sectional area in the top and the bottom parts of the beam (thus 
reinforcing its flanges): rather than distributing it uniformly along the height of the cross sec- 
tion, whereby the moment of inertia I is considerably increased. Therefore, by considering the 
cross section shown in Fig, 4, we drastically reduce the I value, 


We shall express the quantities a, H, t, g), and P in terms of the hub radius r under the 
condition that the critical stress in the beam, which is considered as a plate, remains approxi- 
mately constant with an increase in the dimensions a and H of the panel. 


The critical stress for a compressed plate is given by [3] 


2 

Gor = hae ° (5) 
Here, D = Et®?/12(1 — uv’) is the cylindrical rigidity of the plate, E (kgf/cm?) is the elasticity 
modulus of the first kind, and u = 0.3 is the Poisson coefficient (for steel), By substituting the 
D value in (5), we obtain 


kee 22 12 
Sor = 2p) HR (6) 


For dey = const, the following condition must hold: 


t/H = const. 


Since, on the basis of the stringent rigidity requirements, the hub elements operate under low 
stresses, we shall use the value o,, © 1200 kgf/cm? (each face of the ring and the rib is divid- 
ed into four panels by local ribs, so that a side ratio equal to a/H is maintained for each panel), 
In this case, the beam thickness can be expressed as t = 0,004r, Furthermore, we assume 

that H = 1.5r. For a dioctahedral hub, @ = 11°15', sina & 0.195, anda = rsinag ®& 0,195r. The 
cross-sectional area of a ring element is F, = Ht = 0.006r*, The moment of inertia of the 
transverse cross section of a ring element is 


tH? —-0.004r (1.5r)8 


Io = Rm 2 = 112.50-1075 r4, 


The linear weight is 
8 = For = 0.006 ry, 


For steel, the specific weight is y = 0.00785 kgf/cm’, and 
&o = 4.72 1075 r?, 


For the concentrated load (rib weight), * 


P =0.5 rg) = 2.36-1075 r°. 


* We assume that the cross section of the radial elements — ribs — is one half as large as the 
cross section of ring beams. 
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The bending moments (3) are now written: 
m, = 0.35-10°8 r4, 


m, = 6.740-1078 r4, (7) 
m,, = 0.076 r, 
Mx, = 02.39, 


The redundant unknowns are determined by solving the system of equations 
bX + Oi2X2 + Aip =O, (8) 
be1Xy + OeoXe + Ac» =O, 


where the coefficients in front of the unknowns and the free terms are determined by the Max- 
well— Mohr equations [4]: 


634 = fi ae + 4S dz, 

Ooo = AC" a4 uw 2 ae, 

dio =F \ Tide + 5 | dz, (9) 
Aip = g\ PP de + zp \ Se dz, 

Asp = g\ pede t ppl oe da, 


where M,, Mo, Q,, and Q, are the bending moments and the shearing forces in the hub elements, 
respectively, caused by unit values of the unknowns, Mp and @, are the bending moment and the 
shearing force in the hub elements due to the load, respectively, E and G are the elasticity 
moduli of the first and the second kind, respectively, F is the cross-sectional area of the ele- 
ment (beam), and uw is the cross-section factor. 


After integrating (9) by using Vereshchagin's method (multiplication of curves) [4], we 
obtain the following values for the coefficients and free terms: 


Abi, = 887.5 r7, 

Ebe, = 1235 r-3, 

E84. = 120.5 r-?, (10) 
EAyy = 0.00923 r?, 

EKA,» = —0.035 r, 


By solving the system of equations (8) and considering (10), we obtain 


X, = —14.46-107% 73, 


1 
X, = + 30.20-4078 r4, ah 


The maximum deflection at the point C (see Fig. 3a), found by means of the expression [4] 


1 
bc = 57 \ McMydez + de \ OcOndz, (12) 


where Mc and Q¢ are the bending moment and the shearing force in the hub elements due to the 
unit force applied at the point C, Ms and Qs are the calculated bending moment and shearing 
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force (due to the combined action of the load, X,, and X,), 


Geh° 10°", kg ° : 
aw: , is given by 
am 8c = 50-1072 72, (13) 
2 It is obvious from (13) that the maximum deflection 
bc of the hub in between adjacent supports is proportional to 
0 the square of its radius. The weight of the hub increases 
as the third power of its radius and is determined by the 

“ws relationship 

urs Geh = 67.4-10°5 r3, (14) 


In expressions (13) and (14), r is in centimeters, while 6¢ 
and Ge, are given in centimeters and kilograms-force, re- 


spectively. 
° 10 200-0 40S«S0~SC 
r, cm Thus, in spite of the fact that the moment of inertia 


Fig. 5. Maximum deflection 6¢ of the hub elements increases as the fourth power of the 


at the hub rim and the hub hub radius: 
weight Ge, as functions of the Ty = 112.50-10-8 r4, (15) 


radius r. the deflections of the hub rapidly increase with its dimen- 


sions, as is shown by (13). Figure 5 shows 6c and Geh as 
functions of the hub radius r. It is seen that the maximum deflection at the rim of the hub due 
solely to its own weight is equal to 0.0045 mm for r = 300 cm (D = 600 cm), 


We shall assume that the hub diameter amounts to 10% of the mirror diameter, while the 
mirror weight is determined (roughly) by the relationship [5]: 


GC mir = 28 D?-5, (16) 


Then, the concentrated load on a ring element of the hub (see Fig, 3) is given by 
Pp=P+i3G_, = P+ % prs (17) 
t 16 ~ muir 16° 


While the maximum deflection at its rim is 


16P 
6 ~( bc). 18 
C~\ Gen 8 (18) 


For r = 300 cm, P= 0.5g or = 637 kg, Geh = 18,140 kg (Fig. 5), Dyrji, = 10- 2r = 6000 cm = 60m, 
Gmir = 28° D’*® = 28- 607° = 780,000 kgf. By substituting these values in (17) and (18), we ob- 
tain 


(och = 475 8 (637 4 76° 780,000 ) = 43.4 64. 


For 6, = 0.0045 mm, (6c), ~ 0.2 mm, 


If the mirror hub had two supports, the maximum deflection at its rim (in between the 
supports) would be approximately eight times as large, i.e., 6} * 8+ 0.2 = 1.6 mm, 


We thus reach the conclusion that, for large parabolic mirrors designed for operation at 
wavelengths of 1-2 cm, the distortion of the mirror shape in the central (and the most import- 
ant) part due only to nonuniform deformations of the hub assumes considerable proportions if 
the hub has large absolute dimensions (in excess of 5 m) and is mounted on two supports. 


Since the size of the hub considerably affects the rigidity of the mirror mounting, a four- 
support mounting is highly desirable because it would make it possible to increase both the di- 
mensions of the hub and its rigidity’ in comparison with a two-support mounting. 
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DESIGN ELASTIC DEFORMATIONS OF 
A 7.5-METER PARABOLIC MIRROR 


P. D. Kalachev, V. P. Nazarov, 
V. Ya. Chashnikov, and A. A. Parshchikov 


Introduction 


The interest of specialists in radio telescopes with fully steerable parabolic mirror anten- 
nas has recently increased markedly.* This is explained by the fact that these antennas have 
certain advantages, which we will not dwell upon in this article, One of the most important prob- 
lems which must be solved when creating large fully steerable parabolic mirrors with a high 
resolution is to provide a high mechanical rigidity of the mirror at any position in space. The 
main difficulty in meeting this provision is that the mirror changes its position in space [1, 2]. 


Parabolic mirrors of radio telescopes are calculated mainly for two cases of loading: a 
static calculation of the mirror for rigidity in the case of the effect of service loads and a static 
calculation of the mirror for strength in the case of hurricane-force wind. A dynamic calcula- 
tion of the mirror for the effect of inertial forces is usually not performed, since the velocities 
and accelerations during rotations of the mirror are insignificant. 


The service loads on the mirror are the loads from the dead weight of the structure and 
wind loads. For mirrors with a high rigidity and hence with a large dead weight, the weight 
loads are on the order of 100-200 kg/ m’ of area of mirror aperture, The wind loads at a ser- 
vice wind velocity taken to be 8-12 m/sec are of the order of 8-16 kgf/m?, When calculating 
wind loads for a hurricane-force wind the speed of the latter is taken to be 40-50 m/sec. 


The problem in the first case of calculation consists in determination of elastic deforma- 
tions of the mirror and in selection of the cross sections of the force-bearing members of the 
mirror's construction (for a given force-bearing scheme) such that they provide minimum mag- 
nitudes of elastic deformations. The cross sections of the force-bearing members selected on 
the basis of this condition generally provide the strength necessary for the second case of 
calculation, i.e., under loads from hurricane-force wind. 


A simple analysis of a parabolic mirror as a structural member and also the experience 
of designing telescopes with fully steerable parabolic mirrors show that it is not possible by 
simply increasing the cross sections of the force-bearing members of the mirror frame to 
achieve a substantial increase of its rigidity, although within certain limits an increase in the 
sections of the main supporting members (radial members) gives a noticeable gain [3]. A radi- 
cal solution of this problem is to decrease the "design" lengths of the force-bearing elements, 


*This was evidenced at the conferences at London and Munich in 1966. 
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Fig. 1. General view of a radio telescope with a 7,5-m parabolic mirror on a mul- 
tiple-support structure. 1) Parabolic mirror; 2) intermediate eight-point support 
structure; 3) rotating sectors assembly; 4) nine-bar pyramid; 5) eight-bar pyramid 
supporting the exciter; 6) support-rotating unit; 7) foundation. 


i.e., decrease the cantilever and span portions of the mirror. This can be achieved by increas- 
ing the number of mirror supports. 


This article presents a static calculation of a model of a 7.5-m diameter, fully-steerable 
parabolic mirror on a multiple-support structure. The results of this calculation show that 
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Fig. 3. Basic system of isolated part of mirror, intermedi- 
ate support structure, and rotating sectors assembly. a) 
Plan view; b) side view; c) removal of assembly 1. 


In the first case (static calculation of the mirror for rigidity) the calculation is performed 
according to two schemes corresponding to the two main schemes of loading of the mirror: sym- 
metric loading of the mirror and skew-symmetric loading. Here we will consider the symmetric 
scheme of loading the mirror for the first case of calculation. 


Since we are interested in a mirror with high mechanical rigidity, the main design loads 
will be those from the structure's own weight. Consequently, symmetric loading corresponds 
to the horizontal position of the aperture plane of the mirror. Figure 2 shows the force dia- 
gram of the mirror and its supporting structure in an exploded isometric projection. The in- 
side diagonal braces m-m and I-n of the intermediate structure are not affected by symmetric 
loading and therefore they are depicted by thin lines. In the force diagram of the mirror (Fig. 
2a) the knee braces in the lower panel, which are not affected by symmetric loads, are not 
shown. In order not to obscure the drawing, members k-k and c-t, which increase the flexural 
and torsional rigidity of the sectors assembly, are depicted arbitrarily as thin lines. 


As a consequence of the symmetry of the structure and load, the forces in all similar 
force-bearing members, i.e., members arranged radially symmetric relative to the center of 
the mirror, will be the same. Taking into consideration the conditions of symmetry, as the 
basic system for the mirror we will take one-quarter of it bounded by two adjacent, mutually 
intersecting diametral force-bearing members (trusses) and by the arc members and knee 
braces, which come up to the support assemblies, which enter this part of the mirror, As the 
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basic system for the intermediate structure we take 
also one-quarter of it, including the main truss (for 
example, 8-5) and the end semitrusses 5-m and 8-m. 
The main system for the rotating sectors assembly 
includes: props N-T (needle beams), counterbalance 
beam B-B, and horizontal axle 27-27, The indicated 
systems are depicted arbitrarily superimposed in 
Fig, 3. 


The arbitrariness here is that, in reality, there 
is no single force-bearing member located along the 


Fig, 4. Basic system for the sectors diagonal of the intermediate structure, but by virtue 
assembly (2, is the length of the knee of the symmetry all force-bearing members of the 
braces), mirror and of the intermediate structure work alike. 


Therefore we can consider that the two support 
points 1 and 5 are formed by one main truss of the intermediate structure (for example, 8-5 to- 
gether with its strengthening members: struts 6-5 and 7-8 and end semitrusses 5-m and 8-m), 
although, as Fig. 3 shows, the scheme includes semitrusses 1-4 and 5-8, l-m and 5-m., 


For the redundant quantities we take: Xj,, the thrust force between the mirror frame and 
the intermediate structure; X, and X3, the forces acting in the bars of the nine-bar pyramid; 
X, and X,, the forces acting in the outside arc (annular) member in the top and bottom chords, 
respectively; X,, the force in the struts of the intermediate structure (see Fig. 3); X,, the force 
in the knee braces of the joint of the sectors (Fig. 4). 


We note that the system: mirror, intermediate structure, and rotating sectors as- 
sembly, isnaturally, as it were, separated intothreeindependent units. Thus, the forces in the 
members of the rotating sectors assembly from the effect of X; = 1 (Fig. 4) are determined in- 
dependently of the mirror and intermediate structure, and the forces in the members of the in- 
termediate structure from the effect of X, = 1 are determined independently of the mirror and 
sectors assembly (see Figs. 2 and 3). 


The system of canonical equations relating the redundant quantities X,,... , X7 has the 
form 
Oi: X4 + b12X-e ++ b13X 3 + coe + 617X797 + Aip — 0, 
b01X4 a O22Xe + bo3.X5 fee. b07.X7 a Aon — Q, 
631.X4 + b32.X¢2 ++ b33.X 3 tf... + b37X7 + Asp — Q, 
ce et we th wt et wt we ee ee ee ke (1) 


eee ee ee oe «ee #« # %# 4. « -« " .- © © © © © © «8 © 


OayXy + Oy.Xq + O7gX3 +... + 677X777 A, = 0. 


The coefficients and free terms of Eqs. (1) are determined by the known Maxwell — Mohr form- 
ulas: 


v2 l are dx 7)2 dx 
bi = 2Xi az \ i Brot B \ Qi CEnae’ 
2XXi get (MM ge te \ Gag (2) 

Oin = AAG apts iMy Ry Th \ Si ‘GF. 

> l =— dx ray dx 

Aip = EX gp t\MiMp gr + p NOE GFy a 

where the first terms are the displacements due to deformation of the bars and the second and 
third terms are displacements due to bending and shear in the beams, respectively. 
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Fig. 5. Main semitruss of intermediate support struc- 
ture. a) Side view; b) plan view; P = '4(Gni, + G exc)s 


In our case the coefficients and free terms of Eqs. (1) are determined by the following re- 
lations: 


bu =(UN gr), +B gr)...» 
bss = (> YX EF) a pie t (2 YuXgr)i,.- 
bu = (2 YiXgr)i 
n-BRK), 
ow (OEE) 


_ 2/7 to 2 _!prop_ \ 
Soo > X; BF) 3 wi +(> X EF) is +(d Xs EF prop/— — sec.a 


1} _ _ 
+Han, tga tHtge: 
Cc. . 
bs (DEK gr) 1 HIN ge), 
8 


+(> X,X, ! prop (3) 
+ ae i + ul Q20s 7 


= iss EF prop /= I sec.a 
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+ \M, VM, 


l 
b= (DEK GR 
EF prop = sec. a 


b31 = Sis S32 = —= Ses, 


bss = (3) Xi EF) 2 


+ u\ O20, a 


OR ar) (BSE), 


mir Forop!s ~ sec. a 
lbar 
+\ Mi — \ 2__de | xyz__barp 
3 a [ 03 ot 3 EF yar p 
> l 
S34 ~~ (> X3X4 =F) 1 mir ’ 
l 
°c =(3- Xs BF) 1 mir’ 
ds, — (Di X5X EF) 
36 \ 3446 EF 1 is ’ 
zy. __/prop >t ~ dx 
651 = (2 XsX, EF. )a +\ MM, + pl Q2 
prop’ s€c.a Elan GF ob 
S41 = Saas as = Sega Oys = — Osas 
> l 2 Liow tr 
4) =( Xi oF) X ng 
“e pa * EF} 1 mir . Fiow fr 
= 
—(S\¥,X EF) 
Sas (> 4 6 EF = mir 
O46 — O, O47 = 0, 
O51 — O15, ds50 — Sos, ds3 — dss, O54 = Sas, 
ye 2 ‘low fr 
= xX: —— xX:-————_,, 
O55 (> 5 EF )a mir + 5 Figw fr 
Ose — 0, 657 = 0, 
b61 — Sis: Ooo — Ses, S63 = O36, Seq — Sas, Ogs = Ose: 
l 
a2 «! 2 ‘p 
See = (> X¢ EF) ai + Xs EF,’ 
orl — b17) O72 = S27; b23 = S37, O74 — O47, 
6.5 = — O57) b= — b67 . ; 
— _‘prop yr ke Mk, b + \ M; = \ 0; a 
On7 = (2 XR )rsec.at " EF kb " GF 


Arp = (> XiNp EF). mi (2, No EF) 1 i.s Maer -b + HV 2p ya sup 
te} 
EF} 


Aap = (XN Ge EF j 1 mir + (2 XN PEI tre 5 1.8 T 
8 


l — dz 
+ (BN Sr) seca VMN Free + W\ Qo 
-— l Vv 
Asp = (Dy XolV PEF ) 4m tT (SiNe gr)» “ 
— lorop M 
+ aX: Ny ee thm ° \ 20> oF GF ep 
— l 
Aap = (> XN EF) 1 a , p= (2% Np 4, = mir 
8 
_ l \ 
Aep=(XeNnae a, 
8 
‘prop | M \2 — , 
Air =(d XN, Bios) see ar MMs ET, @1@p GF eb 


og 


(3) 
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Fig. 6. Isolated portion of mirror with two adjacent, mutually inter- 
secting diametral trusses. a) Plan view; b) side view. 


Here Xj, Xy»... , X7 are the forces in the bars of the system from the effect of unit values of 
the unknowns X,, Xo,... , X7} Np arethe forces in the same bars from the effect of the load 
(dead weight of the structure); M, » , and Q, 2,...,7 are the bending moments and transverse 
forces arising in the beams of the system from the effect of unit values of the unknowns X;,Xo, 

. ++» %7} M, and Q, are the bending moments and transverse forces arising in the same beams 
of the system from the effect of the load dead weight of the structure); / and F are the lengths 
and cross-sectional areas of the bars; E and G are the moduli of elasticity and shear of the ma- 
terial of the structure; Ir and Fi, are the moment of inertia and cross-sectional area of 
the support beam (prop); 


let =< le. Feb = = c.b» Wherel,., andF.., 


are the moment of inertia and the cross-sectional area of the counterbalance beam (here we 

take into account only Y, of the beam section corresponding to Y, of the mirror and intermediate 

structure entering the calculation), Integration is carried out on half of the length of the counter- 

balance beam so that henceforth the calculation includes only half of the Y, of the mirror and 

intermediate structure (mir and ‘4i.s). 
‘EF PEF 


Terms of the form (> xX} 1? (> X Xp oF) _ and (> X,N ), _ represent 
oS nur mur G «mur 


1 
8 
displacements due to deformation of the bar members forming a part of the mirror frame, name- 
ly, two adjacent radial trusses and the arc trusses and knee braces abutting them in the lower 
2 l l l 
panels, Terms of the form (> Xj TF) 1 og? (> X,X%, TF).,. and (> X,Np EF)... repre- 
8 8 

sent displacements due to deformation of the bar members forming '% of the intermediate eight- 
point support structure, namely, the main semitruss, end semitruss, and half of the length of 
the diagonal brace (1-2 or 3-4 in Figs. 2 and 3), * 


The bar members of the rotating sector assembly are members lying in a vertical plane 
passing through the support trunnions (pipes 27-27)serving as the horizontal axis of rotation, 


*Knee braces 1-n and m-m (Fig. 2) are not affected by symmetric loads, 
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In plane of 
lower panel 


—/ ne 
Fig. 7. Diagram of one of the main support assemblies 
of the mirror. 


props (needle beams) T-B, and counterbalance beam B-B. The force diagram of the rotating 
sectors assembly in the presence of a symmetric load is shown in Fig. 4. 


The loads on the rotating sectors assembly, i.e., on the bar members T-T, B-T, 0-t, and 
on the counterbalance beam B-B, are: q, the counterbalance beam's own weight, which is a 
uniformly distributed load; P, the load of the counterbalance weights p; and Q, the weight of the 
nine-rod pyramid projected through its vertex q. We repeat that, for the design length of bars 
T-T, B-T, and the counterbalance beam B-B, we take half of their geometric length, and for the 
design cross-sectional area we take YY, of the cross-sectional area of the corresponding mem- 
ber of the part of the mirror and intermediate structure being calculated. 


The isolated part of the mirror (see Figs. 3 and 6) — two adjacent, mutually intersecting 
diametral trusses with arc members and knee braces abutting them in the lower panels —is a 
space bar system. 


Figure 7 shows one support assembly of the mirror which is tied by an arc support truss 
aa-bb and knee braces 5-n with radial trusses into a space bar system, 


Decomposing the vertical support reaction R into components acting on bars 5-a, 5-n, 
a-a, and b-b, we change to plane radial trusses. Thus we begin with force X, = l. 


The forces in bars 5-a, 5-n, a-a, and b-b from R and X, = 1 are determined by the follow- 
ing relations; 


R 
~ -2sinB (cos ytan + sin 7)’ 
R cotn+ cot B 
~ 2 cosytanw-+siny’ 
_ R 
~~ 2sin n (cosy tanw + sin 7)’ 


R 
~ 2sin P(cos@tany -+-sinw)’ (4) 


NB _ R (tan p +-cot @) 
wn 2(cos@tany+sing) ’ 
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R 
2cos p (cos ® tan y + sin w)’ 


6 
sin 
2sin B me +- cos 7) 
Xx xX 
Noa = Sin? ’ (4) 
2sin n (so ++ cos 1) 
Xi 


sin @ ° 
2sin @ fany -+ cos o) 


R 
Ni= 


Xx 
N5a = 


’ 


xX 
N5-n = 


Y 


Similar relations are obtained for determining the forces in the corresponding bars of as- 
sembly 13 (or 9 in Figs. 2 and 3) from forces X; = 1 acting in the bars of the nine-bar pyramid 
0-13 with consideration of angle 6. The diagram of forces X, = 1 acting on a system of two ad- 
jacent diametral trusses is shown in Fig. 6. 


Formulas (4) are derived from the condition that the effect of the bars of the annular (arc) 
members a-a' and n-n' is taken into account by doubling the cross-sectional area of rods a-a 
and n-n. The numerical values of the coefficients and free terms calculated by formulas (3) 
were equal to 


b= +443.65, b)=—4099--, b= — 566.3 2 , 

b= $1871, Os = 415945, bre =— 154.84, = 0; 
boo = $1201.02, b95= 4+ 1283.05, dg, = —594.8 ae 

bas = — 473.85, dp + 110.7, by, = — 122.94; 

bas = + 1907.0, by, = — 696.8 +, 85, = 553.21, 

656 = $189.94, dy, =~ 210.84; 

bes = +660.8—, 84, = +408.8-+, S46 = 0, bg, = 0: 

S55 = +462.0-+, 656=0, 8, —0; 

Se6-= $121.3, 84. —0: 

bo = 1.452.341. 
Aip=: + 187,500, Mop = — 266,200-+, Agp = — 367,400 —_ 
Asp= + 116,300-2, Asp = 4923604, Ag = —92,200 -, 
Arp = — 28,970. . 


Solving system of equations (1), we obtain the following values of the unknowns: xX, = 
95.24, X3 = +94.68, X; = +9.64, Xo = +68.74, Xy = +6,.71, Xp = +427.6, X, = +126.9, The nu- 
merical values X, = +6.71 kg and X, = +9.64 kg show that the forces in the arc (annular) mem- 
bers are insignificant, which is a consequence of the small transverse displacements of the end 
points of the cantilevers (deflections) of the radial trusses and warrants simplification of the de- 
sign scheme and main system, which is obtained by reducing the number of arc members con- 
sidered (see Figs. 3 and 6). 


. DESIGN ELASTIC DEFORMATIONS OF A 7.5-METER PARABOLIC MIRROR 63 


Fig. 8, Diagram of parallel displacement of the mirror surface. 


The total (design) values of the forces in the bars of the system are determined by the 
relation 


Ng =Ny+ 2X1Xi. (5) 


Displacements (deflections) were determined at six points of the radial truss (1, 3, 5, 7, 
9, and 12) in the main system (see Figs. 3 and 6), i.e., for the isolated part of the mirror having 
two supports (at points 1 and 5 or, on changing to a plane diametral truss, at points 3 and 16, 
which are denoted also by letters a and n). 


The vertical and horizontal components of the indicated displacements were determined 
separately. In so doing, the vertical components of the displacement of the main support points 
(1 and 5) were taken to be equal to zero, since they are, so to speak, a migratory motion for the 
entire isolated part of the mirror as a whole without distortion of the form, 


The vertical displacements were determined by the formulas 


V_(SV,Nee (6) 
or = (27,Ne EF) rad. 

where V, are the forces in the bars of the radial truss resulting from a unit vertical force ap- 
plied at the point at which the displacement is sought; Ns are the design forces in the same bars, 
To determine the displacements at points 5,°7, and 9 the isolated part of the mirror (see Fig. 


6a) was loaded by four unit forces at points 5,5 and 5', 5', and the sum (SV,Ns EF) rad _ was 


taken only for one radial truss. To determine the displacement of the central point (12) a unit 


force was applied at it and summation ( LV;Nz EF) was carried out over the entire isolated 


4rad.t 
part of the mirror, i.e., with respect to four radial trusses. 


The numerical values of the vertical components of the displacements are equal to the fol- 
lowing values (in mm): 


5% =0.0025 6f= 0.0485, 
5) = 0.0094, 83 (a) = 0.0028, (7) 
dy = —0.0001, 5; = 0.0066, 


The horizontal components of displacement were determined at points 1,3, 5, and 7 by 
formulas similar to (6), where V; is replaced by Hj, the forces in the bars from the horizontal 
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__ 
* EF) rad. 
6b). The numerical values of the horizontal components of displacements proved to be equal to 
(in mm): 


unit force. Summation (SH.N was carried out with respect to one radial truss (Fig. 


bn = 0, 6;' = 0.0105, ; 
65 = ~0, 85/4) = 0.0039, (8) 


57 = 0.0049, 4% —0,0053. 


As we see from (7), the values of the vertical components of displacement at the points in 
question proved to be different (although in principle we could attain their equality), since the 
variation of these values was due to a change of the cross sections of a certain limited number 
of members, namely: the bars of the pyramid 0-13 and 0-17 (see Fig. 3), the counterbalance 
beam B-B, the knee braces 0-t (see Fig. 4), and the struts 1-2, 3-4, 5-6, etc. (see Fig. 3). 


However, if we take into account the horizontal components of the indicated displacements, 
the values of the vertical components of the corresponding points cannot be alike, but should 
satisfy the condition of arrangement of the displaced points on the initial parabolic curve form- 
ing the mirror. 


The values of the vertical displacements should satisfy the following relations (Fig. 8): 


eqdy = Sn — At, (9) 
where 
vy 52 
Ai = oF xX. (10) 


In our case, the paraboloidal surface of the mirror is determined by the equation of the gener- 
atrix of a parabola: 


where F = 3.25mand y = x*/13. 
From (9), (10), and (11) we have 
v_ gv Of 
eq9a = O12 — oe X. (12) 


Substituting the values of bi from (8) into (12) with consideration of the distance of the point in 
question from the center of the mirror X, we have the following equivalent values of vertical 
displacements (in mm) 


eqd; = — 0.00055, eq5) = 0.60130, 
eqd; = 0.00068, eqds = 0.00250, (13) 
eqds = — 0.00125, eqd:2 = 0.00250. 


The difference between the corresponding values of displacements according to (7) and 
(13) is a distortion of the form of the mirror. The maximum value of the indicated difference 
in our case occurs for point 5 and amounts to A, = 0.017 mm. 
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Deformation of parabolic mirrors manufactured with respect to one force diagram with 
the same suspension structure and with the same load factor are proportional to the square * of 
the ratio of their diameters [3]. Consequently, the maximum deflection distorting the form of 
the. mirror at point 1 (see Fig. 8) for a 70-m diameter mirror is equal to 


0 
(As)o2 = As (73) = 0.017-9.322 = 1.50'mm. 


However, if we take into account that the deflection at this point for the mirror inthe vertical po- 
sition is about twice the deflection for the horizontal position (symmetrical loading), we cantake 
for the maximum value of deformation for the 70-m diameter mirror (at its edge): 


(AG —~ 3 mm. 
If we take a mean-square value of the distortion of the shape of the mirror equal to 
1 (A max — 4 y) 
26 io 70~ 1.4 mm, 


the 70-m mirror on a multiple supporting structure can be effectively used for operation on the 
2-cm wavelength [4], since the deviation of the surface of the mirror from the design (as a con- 
sequence of elastic deformations) is 


Ab = ~~ = 2 2165, 
5-6 (A162 
In addition to deformations, the accuracy of the mirror surface is also affected by the er- 
rors of its manufacture. Experience in the construction [5] of high-precision parabolic mirrors 
shows that the maximum manufacturing errors are of the order of 


Aer. man= 1:10° Dmir . 
For Dmir = 70m, Ag, man © 9.7 mm. The standard deviation of manufacture is about 0.3 mm. 
The mean square of the total error is 


D4 m.sq.= V 1-2?-+0.3 = 1.25 mm. 


The results of the calculation of the model are not optimal since, first, the lengths of the 
cantilevers and spans in the model were not optimally selected (it is necessary to reduce slight- 
ly the length of the cantilever and the length of the first extreme span); second, the load factor K 
(see [3]) in the model was too large (about 4.5) and it can be reduced to 3-3.5. These undertak- 
ings can increase the mirror rigidity by a factor of about 1.5. 
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RADIALLY SYMMETRIC MULTIPLE SUPPORT 
OF PARABOLIC ANTENNAS 


P. D. Kalachev 


In order to construct a large parabolic antenna (which will henceforth be called a para- 
bolic mirror or, simply,a mirror) which is free to rotate in any direction it is necessary for the 
mirror to possess a high mechanical rigidity. Increases in rigidity can be achieved by support- 
ing the mirror at several points on a rotating-support device [1, 2). 


Assuming the main loads on the parabolic mirror are those due to its own weight, we can 
represent them in the general case as a combination of symmetric and skew-symmetric loads 
with respect to the horizontal axis. In the particular case, these loads may often be symmetric 
(horizontal placement of the aperture plane of the mirror) or skew-symmetric (vertical place- 
ment of aperture plane of mirror). 


If we also allow for loads due to wind (limiting ourselves to a wind speed of 10 m/sec) 
we see that for a mirror with high mechanical rigidity, i.e., the design weight per square meter 
of aperture is on the order of 100-200 kg/m? (depending on the mirror dimensions), distortion 
in the distribution of the total loads introduced by wind loads can be ignored in a first approxi- 
mation and we can limit ourselves to a simple 8-12% increase in weight loads. 


The overwhelming majority of present and future parabolic mirrors are designed accord- 
ing to the radial-symmetric scheme [8, 4]. This is quite justified both from the viewpoint of de- 
sign (one type of element) and from the viewpoint of simplicity and, consequently, the increased 
computational accuracy [5]. 


It would seem that the radial-symmetric scheme of mirror construction with a symmet- 
ric (skew-symmetric) load would naturally require the use of a radial-symmetric method of 
suspending the mirror on a rotating-support device. However, in practice, of the many tens of 
mirrors able to rotate in any direction only one or two have a radial-symmetric support sys- 
tem, Examples of this type are the mirror of the powerful Australian radio telescope near 
Sydney [3] and the mirror of the FIAN radio telescope [6] which began operating in 1951. 


Usually, a parabolic mirror free to rotate in any direction is suspended by using a two- 
point support beam, i.e., by employing two support pins on the immediate frame of the mirror. 
This is explained by the fact that the mirror oughtto be able to rotate ‘around the horizontal axis 
+90° from the zenith. The familiar design difficulties are met with in realizing this require- 
ment, In particular, because of these difficulties, the mirror of the Australian radio telescope 
[4] can rotate around the horizontal axis only within the limits of 65°, 


In the above-mentioned radio telescopes the mirrors have a radial-symmetric suspension; 
this is also known as a cantilever arrangement. The cantilever suspension, which is the sim- 
plest from the design viewpoint, has the important drawback that the main support elements of 
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the mirror casing, i.e., the radial elements, are 
subjected to strong transverse deformations (be- 
cause they are cantilevered), resulting in a great 
deal of "sag." However, the cantilever suspen- 
sion arrangement has one very important advan- 
tage. Because it is cyclic, it has the property 
that for skew-symmetric loading the stresses on 
the main support elements (in the radial and 
chordal elements and also in the struts formed 
by the chords and radial elements) change ac- 
cording to a cyclic law [7], i.e., 


N,, = 2P sin (2i— 1) Q, (1) 


where N,; is the load on the i-th radial element 
acting in the plane of this element and applied to 
its cantilever end, P is the external vertical 

load (part of the weight of the mirror) applied to 
the same end of the radial element, (2i-1)g is 
the angle between the plane of the i-th radial ele- 
ment and the plane of the horizontal, Since the 
stresses in the rods of the radial support ele- 


Fig. 1. Simple method of multiple-support ment (radial girder) are proportional to the load 
suspension of a parabolic mirror (particu- N, acting on the element, they will change ac- 
lar case). 1) Mirror; 2) central-support cording to the same law as N,, i.e., cyclically. 
rod; 3) support pins; 4) rotating-support de- The transverse displacements (sags) in the ends 
vice. of the radial girders are also proportional to the 


load, and consequently, to the sine of the angle 
between a given radial element and the plane of the horizontal. On the other hand [7], the dis- 
tances of the ends of the radial-element cantilevers from the horizontal axis h (length of inter- 
section of mirror aperture plane with plane of the horizontal) are also proportional to the sine 
of the same angle: 


h; = 0.5 Dy, sin (2i — 1) g. (2) 


Thus, the sags in the ends of the radial-element cantilevers are proportional to their distances 
from the indicated horizontal axis and, consequently, in the deformed state the aperture plane of 
the mirror is not distorted. This property of the radial-symmetric support system can be suc- 
cessfully used in the design of multiple-support schemes for the suspension of a parabolic mir- 
ror, By using a radial-symmetric scheme for the design of the intermediate support we can 
provide any required number of mirror supports on one surface, In prior schemes, the number 
of supports on one surface was limited to two, The cyclic properties of the radial-symmetric 
intermediate design can, of course, only show up under particular loading conditions due to the 
weight of the mirror. 


Figure 1 shows the cantilever method of suspending a parabolic mirror, i.e., to the side 
of the central support rod of the housing. This method is a particular case of the multiple- 
support cyclic scheme in which all supports merge to form the central one. 


In the general case, single-layer multiple support can be realized using an intermediate 
radial-symmetric cyclic construction which, in turn, is suspended from a central support rod. 


There is a radial support element in the intermediate design for each radial support ele- 
ment on the mirror housing. Therefore, the number of supports is equal to the number of radial 
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support points on the mirror. If the suspension 
scheme does not contain a central support, there 
will be two support points in each diametric sec- 
tion of the mirror (through a support element). 
For the symmetric loading by the weight of the 
mirror, the rigidity is determined by the rigidity 
of one diametric-support element allowing for ad- 
ditional couplings due to the chord elements. To 
a first approximation, it is sufficient to allow for 
only one such coupling applied by the outer end; 
then, the housing of the mirror will become static- 
ally indeterminate if the elements (beams) of the 
outer ring have a relatively small height. 


The diametric support element can be treated 
as a simple two-point support beam with two iden- 
tical cantilevers. As is known, for this beam 
there exists an ideal position for the supports at 
which the sags in the cantilevers will be equal to 
the sags in the arch, For a uniformly distributed 
load and a constant rigidity over the length of the 
beam (diametric element), the distance between 


Fig. 2, Multiple support method of sus- supports is roughly equal to 0.56Dmir. Allowing 
pending a parabolic mirror with central- for the fact that the load at the ends of the canti- 
support rod. 1) Mirror; 2) multiple in- lever increases, the dimension of the arch sec- 
termediate-support construction; 3) cen- tion (distance between supports) must increase 
tral support rods; 4) support pins; 5) somewhat and the cantilever must decrease [8] 
rotating-support device, and be about 0.2Dp;;- 


If the mirror is intended to operate in the 1- to 2-cm region, then the absolute length of 
the cantilever must not exceed 5 m, The maximum dimension of the mirror in this case is 


In order to increase the mirror diameter without decreasing the effective area by elastic de- 
formation it is necessary to increase the number of supports in the diametric section of the 
mirror. 


Figure 2 shows a diagram of the multiple-support suspension of a mirror with a radial- 
symmetric positioning of the supports around a central rod. For such asuspension the mirror 
contains three supports in each diametric section (with respect to the support elements of the 
casing) and each diametric element operates as a three-point support beam. 


The cross-sectional area of the central rod is chosen so that the vertical displacements 
of the mirror will be the same at all support points. By taking the absolute dimension of the 
cantilever as 5 m we obtain as the maximum diameter of a mirror suspended according to the 
scheme in Fig, 1 


5 
A further increase in mirror dimensions while maintaining the same rigidity, i.e., without in- 


creasing the absolute elastic deformation, results in a complication of the method and construc- 
tion of the suspension. 
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Fig. 3. Multiple-support two-stage scheme Fig. 4, Multiple-support scheme of suspend- 
of suspending a parabolic mirror with cen- ing a parabolic mirror without intermediate- 
tral support rod, 1) Mirror; 2) intermedi- support construction, 1) Mirror; 2) rod pyr- 
ate-support construction; 3) central-support amid; 3) rotation sectors; 4) counterweight 
rod; 4) rod pyramid; 5) support pins; 6) ro- beam; 5) support pins; 6) suspension of 
tation-sector elements with counterweight counterweight beam, 


beam; 7) rotating-Support device, 


Figure 3 shows a multiple-support suspension of a mirror with two-stage radial-sym- 
metric positioning of the supports and with a central support rod, It is not possible to consider 
this type of mirror suspension as being purely cyclic, since the cyclic suspension for the rod 
(Support) pyramid is provided for by the radial symmetry of the mirror and is insufficient for 
maintaining the cyclic properties of the intermediate construction of this stress, We shall call 
this a mixed-cyclic suspension, 


The number of support rods for the rod pyramid is equal to the number of radial-support 
elements in the mirror housing; the number of radial elements in the intermediate-support con- 
struction is also equal to the number of radial-support elements of the mirror casing. 


The cross-sectional area of the rods in the pyramid, which are all the same, is chosen 
so that the vertical displacements of all mirror supports are the same, With the same reason- 
ing in mind, the cross-sectional area of the central-support rod is chosen to allow for the 
elastic deformation of the counterweight beam, which truncates the top of the rod pyramid, and 
to allow for the elasticity of the rotation-sector elements, 

In Fig, 3, five supports are contained in each diametric mirror section (with respect to 
the support elements), Values for the cantilevers are about 0.06Dyp jy for an absolute cantilever 
dimension of 5 m; the diameter of the reflector (assuming the same rigidity as in the preceding 
examples), is 


5 
D mir = ag ~ 80m. 
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If the number of radial-support elements of the mirror is assumed to be 16 (eight diam- 
etric elements), the overall number of mirror supports will be 16°2 +1 = 33. 


In the given scheme, the construction is complicated not only by the fact that new elements 
are introduced (rotation sectors and a rod pyramid) but also by the fact that the rods of the rod 
pyramid, which is placed in the plane of the radial-support elements of the intermediate-support 
construction, must not intersect and pass into any other element for example, the pyramid rods 
must split in the neighborhood of the radial-support elements of the intermediate-support con- 
struction; this is shown in Fig. 3). 


In the above two-stage multiple-support suspension scheme, in addition to the condition 
that the vertical displacement of all supports be the same, another important condition must be 
observed — the plane formed by the support points of the rod pyramid and the plane formed by 
the support points of the intermediate-support construction, which are parallel when the mirror 
is pointed toward the zenith, must remain parallel when the mirror is rotated to a horizontal 


position. 


Calculations show that these planes are not parallel* as a rule but this can easily be 
achieved by applying a relatively small transverse force to the top of the rod pyramid acting in 
the plane in which the mirror rotates around the horizontal axis, This force can be realized by 
a torque on the counterweight beam from the balance load which is eccentrically positioned with 
respect to this girder, 


In the schemes considered (Figs. 2, 3), the multiple-support suspension of the mirror is 
designed so that the main-support elements carrying the weight when the mirror aperture plane 
is in the vertical position are at a great distance from the central insert at the periphery; as a 
result, it is necessary to use the intermediate rigid (consequently heavy) support construction. 


If we use a rotating-support device with a large horizontal base (similar to the one used 
in the English radio telescope employing a 76-m parabolic mirrorT [9]), multiple-support sus- 
pension of the mirror can be realized without using an intermediate support construction, Here, 
the main attachment of the mirror is between its housing and the central insert. 


Figure 4 shows a diagram of the multiple-support suspension of a mirror with radial- 
symmetric positioning of the supports and with the basic attachment of the mirror at the central 
insert, This scheme is cyclic. Since the weight of the mirror (for a vertical aperture position) 
is transmitted by the horizontal tube, the latter must accordingly be fastened in two planes. The 
number of support rods of the pyramid is equal to the number of radial-support elements of the 
mirror housing and, consequently, three supports are contained in each diametric mirror sec- 
tion with respect to the support elements. The rigidity of the mirror is on the order of rigidity 
of a mirror suspended according to the scheme in Fig, 2, 


Figure 5 shows another type of multiple-support suspension for a mirror; this type of 
suspension provides a rigidity which is on the same order as the mirror described in Fig. 3. In 
this scheme, five supports are contained in each diametric section of the mirror. The scheme 
is cyclic, The same method as the one used in Fig. 3 is used to ensure that the planes in which 
lie the reference-arc points formed by the outer andinner rod pyramids are parallel. A drawback 
to the scheme is that the relatively large horizontal components of the support reactions on the 
outer rod pyramid cause great deformations in the mirror which cannot be compensated for. 


*In particular, we can show that when the mirror is rotated around the horizontal axis the con- 
sidered planes will remain mutually parallel. 

1 Some drawbacks to these rotating devices are the increased moment of friction when the mir- 
ror is rotated along the azimuth and the increased moment of inertia which requires higher 
drive-motor powers, 
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Fig. 5. Two-stage multiple-support method of Fig. 6. Two-stage multiple-support sus- 
suspending a parabolic mirror without inter- pension of parabolic mirror with unloaded 
mediate support construction. 1) Mirror; 2) radial rods. 


external rod pyramid; 3) internal rod pyramids; 
4) central-support rod; 5) support pins; 6) sus- 
pension of counterweight beam; 7) rotation- 
sector elements with counterweight beam; 8) 
rotating-support device, 


In order to eliminate this drawback, in the scheme shown in Fig. 6 a weight-distributing system 
is used which consists of radial rods 9, and the braces 10 are located opposite each rod of the 
external pyramid, The remaining notation in this figure is the same as in Fig, 5, The number 
of weight-distributing rods is equal to the number of rods in each of the rod pyramids (and also 
the number of radial elements in the mirror housing). The sectors which are displaced toward 
the vertical plane of symmetry make it possible to somewhat decrease the horizontal dimensions 
of the rotating-support device, 


In the last three schemes there is no intermediate support construction; however, a new, 
quite complex and heavy element appears: the large horizontal beam-tube connecting the rota- 
tion sectors and carrying the overall weight of the mirror when the aperture plane is in the ver- 
tical position, The horizontal tube must be strongly reinforced at least in two planes: in the 
plane parallel to the aperture plane of the mirror, and in the vertical plane passing through the 
support pins. 


At this time it is difficult to decide in favor of one of the schemes in Figs. 3-6 since there 
is no sufficient data (at least for static calculations) for the rigidity of the considered schemes, 


In our opinion, it is of fundamental importance that the mirror suspension be multiple- 
support and radial-symmetric cyclic for the cyclic scheme of mirror housing. 
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TOWARD A THEORY OF THE SOLAR WIND 
N. M. Dagkesamanskaya and M. V. Konyukov 


1. In the investigation of plasma streaming from the sun to a region where the stream 
mode can be assumed to be laminar (r > 1.5Ro), the parameter* 
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which takes into account energy exchange between electrons and ions, has values for which ef- 
fective equilibrium of electron and ion temperatures is absent and for which it is impossible to 
consider the flow in an isothermal approximation, The same conclusion follows from direct 
analysis of the problem of plasma streaming from the sun in the isothermal approximation, This 
analysis [1] has indicated that the conditions for application of a gas-dynamic approximation are 
violated at a comparatively small distance from the original level, This means that the colli- 
sion frequency decreases to values for which temperature equilibrium is impossible and the 
stream mode ceases to be in equilibrium (study of streaming in the isothermal approximation 
is particularly necessary as a basis for a model of a stream with a region of frequent collisions 
of finite radius), Thus, to obtain results satisfactorily describing the properties of a plasma 
emanating from the sun (the solar wind), the isothermal approximation should be rejected and 
equations which permit the nonisothermicity of an arbitrary quantity to be described should be 
used, 


Sturrock and Hartley [8] attempted to study a plasma stream in the isothermal approxima- 
tion, and in order to obtain solutions introduced equivalent polytropic curves. In this work, how- 
ever, the role of clearly occluded heat sources and the problem of the appropriateness of the 
hydrodynamic approximation were not studied, The question of the meaning of the approxima- 
tion when using equivalent polytropic curves was also put aside without being considered, We 
therefore though it of use to carry out a thorough investigation of a plasma stream in the iso- 
thermal approximation and, in particular, to direct special attention to the properties of laminar 
stream conditions with occluded heat sources. 


As an initial system of equations we use the following: 
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*The dimensionless variables and parameters used here were introduced in [2]. 
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$(P_A 4 Fe, +1) — Popa? Gt — Rejatr}w (2 — 2 )| = act@, + 90° 
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System (1) is formed from the system of equations of a steady-state, spherically symmetric 

plasma stream from the sun in the two-fluid approximation [2] as the system of equations for 

the zero members of an asymptotic series in the small parameter (me /mj;)' 
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The dimensionless parameters of system (1) are expressed by the values of the quantities 
at the original level and the integrated flow characteristics: 
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At present, data on local powers of heat sources q,;?; and q.%., which are necessary for 
the analysis of the effect of heat sources on the properties of the forming flow, are absent, and 
therefore we use in the present work a phenomenological description of the power of the heat 
sources which conveys only two important characteristics of the sources: the integrated power 
and the effective dimension, For simplicity, the power of a heat source of this type is con- 
sidered to depend only on position and acts on the ionic component of the plasma: 


DO, = O, (x), ©, = 0. (4) 


In this case the system of equations (1) has a first integral 


2 1). Ube _ sj. [dw 
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Assuming that the power of the heat source depends only on the coordinate ¢ permits us to es- 
tablish the two characteristics of the heat source without integrating system (1). In fact, to de- 
termine q, from the integrated power we use the equation 


boo — & = an E°@ (£) dE, (6) 


while the effective dimension is determined from 


to (Goo — €o) = Gs \ EXD, (B) dE, 6") 
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where a is that part of the integrated power by which the effective dimension is determined, 


al 


In line with contemporary representations of the mechanism of heating of the solar corona, 
a heat Source arises owing to dissipation of mechanical forces, the energy of which is basically 
carried by ions, Thus, with dissipation the heat should be given off by the ionic components, and 


its transfer by electrons can be realized either through electron— ion collisions or by induced 
electrical fields. 


In the present work, system (1) with integral (5) is considered in the light of special as- 
sumptions about the dimensionless parameters of the problem: 


Rey <1, Pe’<1, Q =1, (7) 


Rey <1, Pes's>1, OQ ~1. (7') 
2. For parameter values satisfying conditions (7), system of equations (1) has two small 
parameters: Rej! and Pej!, and its solution may be sought in the form 


w = w(x) + Rertw) (z) +..., 
Te = Ti) (x) + Rowr) (x) + ..., (8) 
T, =T0) (x) + Ree) (z) +... . 


Considering Re7?! and Pej! to be of the same order of smallness, we obtain from (1) the follow- 
ing system of equations for the zero members of series (8): 
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while the first integral (5) in the same approximation is written in the form 


x 


0)? A 
2 4 2 (1) + 1) ——- = 4; \en, (6) db + &. (10) 


l 
The system of Eq. (9), after eliminating the density and using integral (10), takes the form 
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One of the interesting properties of the motion equation of system (11) is the existence of 
conditions for which it has no singular saddle-type point. Especially important in this regard 
is the no-source case. If the numerator and denominator of the motion equation of system (11) 
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vanish, we obtain a system of algebraic equations for determining the singular point: 


2 1A 
ON — Ba, = 20 
4 A 1 (12) 
w= Fae = Teo 


where x, and w, are the coordinates of the singular point on the plane (x, w), and €) is a con- 
stant of integration, It is easily seen that the system of equations (12) is inconsistent for &, ~ 0 
and, consequently, in the no-source case, for any departure in temperature, steady-state stream- 
ing of plasma from the sun with a smooth transition through the speed of sound is impossible, * 
If the power of the heat source does differ from zero, then the equation of motion has a singular 
saddle point, To analyze streaming with a three-dimensional heat source, equations which de- 
termine the hydrodynamic velocity and the half-sum of the temperatures are isolated from sys- 
tem (11): 
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where T = (7) + 7) /2, The system of equations (13) agrees with a system of equations de- 
scribing streaming in the isothermal approximation for analogous conditions, and can easily be 
interpreted by numerical methods [4]. Analysis of possible streaming modes with a break in 
temperature can be made utilizing the results of integration of the corresponding isothermal 
variants, This allows us to make the following conclusions on streaming in an isothermal re- 
gime; 


a) For heat sources with powers of the form 


_ (x—1) _ (x—1)? 


O=—, O=e *, D=e * (14) 


the motion equation of system (13) has a singular saddle point and allows solutions with a smooth 
transition through the speed of sound at a finite distance from the original level, 


b) However, for heat sources of comparatively small effective dimensions, 7 quickly in- 
creases with distance from the original level, which means an increase in the sum of the elec- 
tron and ion temperatures. But for a heat source (4) the ion temperature departs from the elec- 
tron temperature, at least in the region of activity of the heat source, and thus the results of in- 
tegration will contradict observational data of ion temperature, according to which the tempera- 
ture declines (we are considering a region behind the temperature maximum of the solar corona), 
This is one of the reasons preventing the use of the solutions of system (13) to describe the 
plasma stream even in the isothermal approximation. Tf 


*Precisely here does streaming of plasma from the sun most substantially differ from flow 
through a Laval nozzle, In the latter case even for the no-source case streaming is possible 
for which the energy of the thermal motion of electrons at Te, > Ti, is converted to hydrody- 
namic energy of ions. 

{System of equations (13) yields solutions for which a gas-dynamic approximation is uniformly 
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Fig. 1, Dependence of the energy flux q 
owing to heat conduction on the effective 
dimension of the heat source (type of 
source is indicated), 
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Fig, 2, Dependence of the energy flux q 
owing to heat conduction on the intensity 
of electron— ion exchange (parameter of 
electron exchange is indicated). 


3. For parameter values satisfying conditions 1") the solution of system (1) can be pre- 
sented in the form of a series (8), but now Re?! and Pej! cannot be considered as small param- 
eters of like order. The system of equations for the zero approximation with respect to Rej! in 
this case will have the following form: 
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For a heat source with a power depending only on x according to a power law, system (15), 
after eliminating x and using the first integral of the energy, takes the form 


ap (0)? &. — &o 
— (7(0 (0 a 
dx)  —“Q_- +] 7 (e! + 45)) — = + i ao 


dx -1 0 */e 
Pe, are | ) 


0) (0) 2 we 
dw wl oe +2 —A_ 2 So M0 (0) yon — 
v 


dx x 3 aap 0)? (0)" e (1 6) 
_ dr!) ~1 
_ 2(% = 3) Foo TO Me DV ayoyt — 1 00) > 00) 
3 7-3 0 de 9 Te 6 Mi | 
sg a 4 OE yg) 4 gg) SO 
dr —«SS wy) dx 3.24 3 x20) yy (0)? ’ 


applicable, whereas observations of the ionic distribution function in the region of the earth's 
orbit indicate that the gas-dynamic approximation breaks down for ions [5]. 
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Fig. 3. Dependence of ion temperature 
on effective dimension of the heat source 
(source type is indicated). 
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Fig. 4. Dependence of ion temperature 
on intensity of electron— ion exchange 
(parameter of electron — ion exchange is 
indicated). 


moreover, q, and the effective dimension Xo,9 of the 
heat source is determined from the formulas 


q4 = (n — 3) (8 — &o), 
n~3 (17) 


Zo.9 —_ y 10. 


The system of equations (16) was used to in- 
vestigate the change in nature of the flow in rela- 
tion to the effective dimension of the active region 
of the heat source and the intensity of energy ex- 
change in electron—ion interaction, Table 1 shows 
the values of the parameters for which system (16) 
was integrated, and the effective dimensions of the 
considered variants are given below. The system 
of equations (16) was integrated for the parameters 
indicated in the table for subsonic conditions, and 
the basic aim was to obtain: a) the behavior of the 
ion and electron temperatures in the active region 
of the heat source; b) the nature of formation of the 
energy flux owing to electron heat conduction; and 
c) dependence of the solution properties on the ef- 
fective dimension of the active region of the heat 
source and the intensity of energy exchange between 
electrons and ions. The integral curves that will 
allow us to answer the questions posed are given in 
Figs, 1-5. 


Analyzing these figures, we can draw the fol- 
lowing conclusions. 


1) In all the considered cases the ion tem- 
perature varies nonmonotonically with a maximum 
in the active region of the heat source. The maxi- 
mum value of the ion temperature for a given heat 
source falls off with increasing intensity of electron 
exchange, and for a given intensity of electron— ion 
exchange falls off with increasing effective dimen- 
sion of the heat source. 


2) Variation of electron temperature is not 
great in a region where the variation of ion tempera- 
ture is substantial, For heat sources with a speci- 
fied effective dimension an increased intensity of 
electron— ion exchange leads to a shift from the 
nonmonotonic variation of the electron temperature 
with amaximum over the original level to monotonic 
decrease, 


3) Formation of an energy flux owing to electron heat conduction in substance depends on 
the intensity of electron—ion exchange, Thus, for a comparatively small intensity of electron— 
ion exchange (QQ, = 8.5) the hydrodynamic flow increases fairly quickly, which creates a region 
with a negative energy flow due to heat conduction. At the upper boundary of this region the 
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Fig. 5. Dependence of energy flux q owing 
to heat conductivity on intensity of electron 
exchange for an energy flux €,, = 2.3. 
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energy flux due to heat conduction equals zero, 
and only at this boundary does it become positive 
and increase, up to a certain level. With increas- 
ing intensity of electron exchange the region 

with negative heat-conducting flow becomes nar- 
rower and finally disappears. The electron tem- 
perature begins to decrease monotonically ata 
level x*, 


The features of the solutions to the prob- 
lem of streaming from the sun in the isothermal 
approximation with heat sources acting in the 
region of stable laminar flow are found to be in 
contradiction with the results of observations of 
behavior of the ion temperature in the corona 
[6] and of hydrodynamic motions [7]. In fact, to 
obtain a picture of the variation of the ion tem- 


perature, at least qualitatively, communicating the observational data, the original level should 


be taken between the chromosphere and the 


maximum-temperature level. However, laminar- 


flow is most probably not present there, since radar methods indicate a jet structure of the flow 
even ata level r = 1.5Ro. If the original level is taken at distances exceeding 1.5Rp_, the be- 
havior of the ion temperature will contradict observational data. This permits us to make a 
very important conclusion: in the region where laminar flow exists for plasma streaming from 
the sun three-dimensional heat sources should be absent. 


4) Assuming that in the laminar-flow region heat sources are absent, the first energy 


integral takes the form 


(0)? 
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“ (ro) (O)\ — 7 —Lyp2~(0) /2 
+- 4 (tS +- T; )) rv Pe XL 14 dz 
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where €. is the asymptotic value of the dimensionless energy flow, while the system of equa- 
tions describing streaming in these conditions can be written as 
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Solutions suitable for interpretation of observed currents should admit a smooth transi- 
tion through the speed of sound, and since this is possible only at singular saddle points, find- 
ing them is one of the basic problems of the theory of streams, It is easily seen that the param- 
eters of the singular point of the motion equation of system (19) satisfy the following system of 


equations: 
5 4 
(0)? _ 0) __ — 7(0) — 
ae 6 Tf 2 ve, 0, (20) 
5 2 Qu? dee 
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A 
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(x — 1) — = ( dx ) = 0, 
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. Oo 4 pat p2ez(o) 2 { _ &* | 2 
SS (0 + oh) —S— bey" (Ge) =e (20) 


where @, wy, ty, 2, and (dr (0) /dx), are parameters of the singular point, and wy, is the 
initial velocity of the solution passing through the singular point, Equation system (20) is not 
complete unto itself, since both establishing whether or not a singular point exists and deter- 
mining its nature is impossible without using numerical methods. The search for the singular 
point of the motion equation of system (19) can be carried out by various methods, but the fol- 
lowing two seem to us to be the simplest. 


In the first, for the designated parameters of the problem one constructs a family of in- 
tegral curves of system (19), corresponding to various Wo, and according to their shape one re- 
solves the question of the presence or absence of a singular point. If the singular point is a 
saddle point, it can be isolated as a point of intersection of the geometric loci of the maxima of 
curves w!) (x) and the maxima of curves x (w%)), which are the solutions of the following system 
of differential equations: 


dx x —~ 6 % — 2 %e 
dy) p() 5 A 9 mr ; dx{0) ’ 
= 10) (0) yo (8 + 1) - SO 
3 e x 3 a2 (0) /2 (0)? e i 2 dx 
dx”) __ dy dx (2 1) 
dw) —— dx gy(0) ’ 
dx(0) dx!) dex 
du dz gq’ 


where dt (0) /dx and dr (0) / dx are taken from the system of equations (19). If the existence is 

established of a singular saddle point, one seeks by numerical methods a unique solution, sub- 
sonic at the original level and supersonic behind the singular point, It is precisely this solu- 

tion that corresponds to a smooth transition through the speed of sound and is suitable for in- 
terpretation of the observed properties of the solar wind. 


In the second, one seeks on the (w, x) plane the geometric locus of points at which the 
numerator and denominator of the motion equation of system (19) vanish, and then using analyti- 
cal and numerical methods one finds a solution in the interval x from unity to any of the points 
of this geometric locus. As a result of interpretation we obtain values of 7) and 7?) for x = 1, 
and this point is taken as the singular point for which the ion and electron temperatures take on 
the correct values at the original level, * 


*The geometric locus of points at which the numerator and denominator of the motion equation 
of system (19) vanish are obtained from (20), specifying 7 (0 and eliminating rf? and (dt (Vax) ,. 


The singular point is sought in the following way: setting x, > 1 and 7 (0 ), we find W,3 at ne 
point (x,, w,) one finds the excluded values for the derivatives (aw / dx) . ” and (dr? /.dx) . 

with their help the solution, going to x = 1. If the solution found provides the necessary values 
of TZ °) (1) and 70 (1), the original point is considered a singular point. If these values are not 
provided, the next pointfrom the geometric locus of points at which the numerator and denomi- 
nator of the motion equation of system (19) vanish is examined. 
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Fig. 6, Singular solution of the no-source problem for &,, = 2.3. 


Both in distinguishing the singular point and in obtaining the critical solution to equation 
system (19) we applied the first method. Concrete calculations were made for parameters 


Pe,’ = 42.53, A=4.75, Q2' = 8.50, e. = 8.00; 
the results of these calculations are shown in Fig. 6. 


In obtaining the critical solution of system (19) criteria were drawn of the usefulness of 
the hydrodynamic approximation, and in addition the results of these calculations point to the de- 
velopment of a breakdown in the conditions of applicability of the hydrodynamic approximation 
at comparatively small distances from the original level, * 


5. We have investigated the plasma stream in a two-temperature approximation with a 
significant role played by energy transfer by electron-heat conduction both in the source and 
no-source regimes, Despite the comparatively large value of the parameter Qe) the solutions 
indicate a substantial divergence between electron and ion temperatures, This specifically 
validates investigation of the streaming conditions in the isothermal approximation. Analysis 
of the concrete results of interpreting plasma streaming from the sun permits us to make a 
series of conclusions relevant to the properties of the solutions encountered. 


1) We cannot consider the heat source which creates the energy flow necessary for the 
formation of the plasma stream with the properties observed in the region of the earth's orbit 
to be located within the region of formation of laminar flow.{ It follows from this that in in- 
vestigating a stream using Eq, (1) one must limit the no-source conditions: at the original level 
there exists an already formed energy flux due to heat conduction that is capable of ensuring 
the creation of the necessary stream properties. 


2) In the no-source case the existence of solutions which smoothly pass through the speed 
of sound at a singular saddle point is possible. The solutions obtained for a series of values of 
the problem parameters are such that conditions which preclude use of the gas-dynamic ap- 
proximation arise at a finite distance from the original level. Thus it is impossible to use the 
solutions to interpret the properties of the solar wind. 


3) If the conditions for using a gas-dynamic approximation within the bounds of the prob- 
lem considered are violated, this does not mean that collision-free conditions appear at a cer- 
tain level. This means rather that it is necessary to consider viscosity in problems of plasma 


*It must be kept in mind that it does not follow from this that there is a collision-free stream- 
ing mode, The inclusion of viscosity can significantly change the properties of the solutions, 
and a final solution demands consideration of the role of viscosity. 

{t We have radar observations of the solar corona at a level around 1.5Ro,. which indicate the 
presence of a flow of material with mean velocity less than the local velocities, directed 
away from the sun's surface and toward its surface [7]. From this we specifically 
can conclude that there is no laminar current already formed at distances of at leastupto1.5Ro. 
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streaming from the sun, since only after investigating viscous flow can a conclusion as to the 
appearance of collision-free conditions be considered reliable, 
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A POSSIBLE HYDRODYNAMIC MODEL FOR 
A FINITE-RADIUS REGION OF FREQUENT COLLISIONS 


M. V. Konyukov 


1, Observations, from rockets and earth-orbiting satellites, of a continuous flow of 
plasma from the solar corona [1,2] stimulated interest in Parker's hydrodynamic model of the 
solar corona and the interplanetary plasma [3]; satisfactory agreement between the magnitudes 
of the velocities predicted and the observed values has given support to the model. However, 
an analysis of the conditions in the solar corona necessary to explain an outflow with the ob- 
served properties shows, for example, that even under favorable circumstances the heat sources 
must extend to distances on the order of 5-10Ro [4] and this is hard to reconcile with present- 
day theories on the heating mechanism of the corona. 


This difficulty practically disappears if it is assumed that molecular thermal conduction 
is the basic mechanism of energy transport in at least the region of the flow situated ata small 
distance above the initial level [5]. The results obtained within the framework of such a model 
can only be used to describe the outflow provided the gas-dynamic approximation is valid in the 
whole of the region considered.* Since the gas-dynamic approximation undoubtedly holds near 
the initial level, the problem of whether gas dynamics can be applied to the whole region oc- 
cupied by the solar-corona plasma can be investigated as follows. First, one seeks the solution 
of the kinetic equation in the Enskog — Chapman approximation (to second order in the expan- 
sion of the Knudsen number) and then investigates the conditions under which this approximation 
holds at all points of the flow considered. Resylts of these calculations permit one to establish 
which conditions the escaping gas with given properties must satisfy at the initial level if the 
gas-dynamic approximation is to be uniformly valid over the whole of the considered interval 
(1, ©). If it is found that there exist conditions under which the gas-dynamic approximation does 
not hold, the results obtained in an investigation of the flow in the framework of the Enskog — 
Chapman approximation will be devoid of meaning and the outflow can only be described by 
means of a dynamic model with a finite-radius region of frequent collisions. 


In order to study this question we restrict ourselves to the steady-state, spherically sym- 
metric outflow of gas in the gravitational field of a star. The system of differential equations 
describing the outflow in the hydrodynamic approximation may, after the introduction of the 


*One can easily see that the same problem arises in an investigation of the outflow of an ideal 
plasma; however, as was shown in [4], a transition to free-molecular conditions is impossible 
in this case. Below, the same conclusion will be obtained by a different method, 
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dimensionless variables 


v T r (1) 
kT, To , 70 
Mm 
and the dimensionless parameters 
Re-t — 4 bore 4 — oMo™ oN (2) 
0 4 To ’ rokT ? o° kT 9 
— Ip 
my 
be written in the form 
d2w 2t dt: (“ w \ dw dt A wT 
Jpeg 2 ~1 yp 2enmty,2 | oe bah We poaade noe Ce 2_ nee ay gy Fn — — 0 
Restarrw? 5 + Rept ax" uw? (= 4 nF) Tr z) (w? —T) = —we water ; 


dt dw uw) w2 5 A 
71 —1Ly2—n —1 y2—n aT |) Le __ — 
Pr“Retr*t 4 Rect stew (F 5 7 t+ > t+ foo 0, 


where Pr7! is the reciprocal of the Prandtl number and n is the exponent which determines the 
dependence of the coefficient of viscosity and the thermal conductivity on the temperature: 


U = Yo (z) % == Xo (7). (4) 


Choosing the following definition for the local Knudsen number 


a+ (5) 
and taking into account the fact that 
A= co Hot (6) 
yult 


we obtain the dependence of a on the hydrodynamic parameters and the distance 


A=—awt 2, (7) 
where, in the transition from (5) to (7), we have used the first integral of the system of equa- 
tions of gas dynamics 


vwx? = Wo. (8) 


We note that @ may be expressed in the form 
‘of = Oo, M Re“, (7') 


where M = w/vy7 and Re7! = Rep'r®x is the local Mach number and the reciprocal of the 
Reynolds number for the flow under consideration [6]. 


One can easily see that in order to establish when the gas-dynamic approximation is valid, 
one must solve the system of equations @), or at least determine the asymptotic behavior of its 
solutions at large values of x. However, even the determination of the asymptotic behavior of 
the solutions at great distances for arbitrary values of the parameter Re;! is a problem that is 
difficult to solve; therefore, in investigating this problem by analytic means, we shall restrict 
ourselves to a consideration of conditions at the initial level under which the values of the re- 
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ciprocal of the Reynolds number satisfy the inequality 
Re, <1. (9) 


2. If the conditions at the initial level are such that (9) is satisfied, this inequality being 
so strong that Pep! = Pra), Re;! is much less than unity, the solution of the system of equations 
(3) may be found as an asymptotic series in Re}! 


w = wl (x) + Restw( (x) + Rep?w® (x) +... 
v= V0 (x) + Remit (xz) + Repeat) (x) +... 
(0) _ (1) 


where wi!) wit) see, T ',T',... are the functions of x to be determined. 


(10) 


Substituting (10) into @) and setting the coefficients of the same powers of Re?! equal to 
zero, we obtain equations for the determination of w 0) wil) oy 7) 7 (t) : 


dy (9) a9) A w (0)_(0) 
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The system of equations (11'), which determines the zeroth approximation in Reo /, is 
identical to the equations that describe a steady-state, spherically symmetric flow of an ideal 
gas in the gravitational field of a star and it maybe integrated inaclosed form [7]. The system 
of first integrals of the equations of (11') found by integration can be written in the form 


x up | 5 \ 2 x 
2 (0)? A (12 
10) = 2 (Be — 5 +4) 
(0) = Wo 
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where wy and €. are integration constants, Explicit expressions for w) (x) and 7 (0) (x), which 
are required for the integration of the systems of linear differential equations (11"), (11), etc., 
can only be obtained in a neighborhood of a point. * In particular, by iteration one can easily 
find an asymptotic representation for w?) (x) and 7 (9) (x) which is valid for large values of x: 


. 1Adt S/u \ 4 
0) — V 28 69 ! toe 77 == 2 eB et? (=n)) (13) 


9 “2 x? 27/9 “2 @4, x3 
(Fe..) Fe.) (14) 


(subsonic asymptotic behavior). Tf 


Before turning to the determination of the first approximation, we carry out a number of 
transformations in the system of equations (11"), after which it can be written in the form 


3 \ dwt du) = dy 9,0) 4 4 w) 
— 9,(0)? __ +(0) \ = -(0) __ alien _ (1) — 
(= w v } ax + cu dx + dx x x? 5 x w 
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dw) = Qyl bon at) dw 4p (0)" 
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Using the expressions (13) and (14) for w) and 7 (0) one can easily calculate the coeffi- 
cients that occur in Eqs. (15). By means of them Eqs. (15) can be reduced to the following form: 


2n 
3 


eee a ee eee 


(16) 


2n 
r= — %[1 +0(+-)]en — “2 (Te) * alt tole) 


(supersonic flow) ; 


*Serious difficulties in the construction of the solutions may occur in the neighborhood of criti- 
cal points of the system (11'). This must be borne in mind, in particular, in the construction 
of solutions in the neighborhood of a saddle-type critical point, which is present in the case of 
an outflow with heat sources. In such a case Lighthill's method should be used [8]. 

1 Neither the form of Eqs. (11') nor their solutions (12)- (14) depend on the parameter n; this can- 
not be said of the local Reynolds and Knudsen numbers. 
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(subsonic flow). 


By solving the system of equations (16) and (17), one can find the first approximation w(t) 
and r(!) for supersonic and subsonic flows: 


2n 
w(t) 2(n—3) 7 wo \ a V 2x 4 +0(—)| 
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(subsonic flow). 


The subsequent approximations can be found by solving similar equations; as can easily 
be seen, they do not yield essentially new results. 


Apart from the solutions of the equations for the approximations of different orders, (13) 
and (14) permit one to obtain the zeroth approximation for the Knudsen number 


2 1 
0) = x Woon (eye Oe) A 
200) = ap V Bees (FE) eae +s) (20) 
(supersonic flow); 
210) = do F-beo]* wy + +-0(4) (21) 


(subsonic flow). 


Certain conclusions may be drawn from an analysis of the expressions for the first ap- 
proximation (18) and (19) and for the local Knudsen number (20) and (21): 
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A) In the case of a subsonic flow the contribution of the first and subsequent terms of the 
expansion in Re>? is small compared with that of the zeroth term; the equations (14) give the 
basic properties of the solutions of the system (3) for arbitrarily large values of x. The local 
Knudsen number decreases monotonically; therefore, if a subsonic flow obtains everywhere, 
there is no possibility of the role of the dissipative terms increasing, nor ofthe occurrence of a 
flow with a transition from gas-dynamic to free-molecular conditions. 


B) In the case of a supersonic flow the contribution of thé first and subsequent terms of 
the expansion in Rez! depends greatly on the parameter n. It follows from (13) and (18) that if 
n > '4 the order of the first term in the expansion is higher than that of the zeroth term (the 
same also holds for the subsequent terms in the expansion); in this case the basic properties of 
the solutions up to any distances x may be recovered from the zeroth approximation, Ifn< vi) 
the first and subsequent terms in the expansion (10) are of lower order than the zeroth, Thus, 
the zeroth approximation can no longer give the properties of the solutions of the system (3) at 
large values of x, since, beginning with some distance, the role of the dissipative terms be- 
comes significant. Under these conditions it is impossible to obtain the asymptotic behavior of 
the solutions of the system of equations (3) by using an expansion in a series in Rez}, since in 
such an approach the influence of viscosity and thermal conduction on the nature of the solutions 
cannot be taken into account correctly. The zeroth approximation for the local Knudsen number 
also reveals that at a certain value of x the dissipative terms begin to play an important role, 
Moreover, one can easily see from (20) that a~@forn < >h. However, this does not neces- 
sarily imply that a free-molecular asymptotic behavior results. The point is that an increase 
in the local Knudsen number means, in the first place, that the dissipative terms begin to play 
an important role; in turn, this may considerably alter the behavior of the solutions for large 
values of x. Valid conclusions about the asymptotic behavior of the solutions of the system (3) 
and whether the gas-dynamic approximation is violated can only be obtained if the asymptotic 
behavior of the solutions of the system @) for arbitrary values of Re;! is known. If analytic 
means fail to solve this problem, recourse must be had to numerical methods. 


3. Besides the case considered in Section 2, the behavior of the solutions of the system 
(38) can be investigated analytically in a further case: 


Rey'<1, Pest +1. (22) 


The inequalities (22) may hold by virtue of Pr7! > 1, although, in contrast to the case Re>! < J 
and Pe;! < 1, the inequalities (22) cannot be made arbitrarily strong. A solution of the system 
(3) may be found as an asymptotic series in the small parameter Pe, 
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the functions w%), w(t), oe ey 7 (9) 7 (i) . .. being determined by the following system of equa- 
tions: 
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In the zeroth approximation for the energy equation we assume that the energy flux at the 
initial level is primarily due to molecular heat conduction, The solution of the first equation of 
the system (24) has the form 
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and if 7 () (x) tends to zero at infinity, (25) reduces to 


1 
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ght 
To solve the second equation we use the inequality Re;! << 1 and represent the solution as a 
series in Rej!: 


wl) — w) + Rep'wO +... (26) 


Substituting (26) into the second equation of (24), we obtain the following differential equation for 
0 
Worle 


dp °) dx(0) A wl 0)-4(0) 
= -L (0, 0) = + w(0 9) — —2—___ — 0, (27) 


(0, 0)? __ (0) 
(w 1(0)) , 


which, if 7) is determined by (25'), has a saddle-type critical point and admits subsonic and 
supersonic solutions at great distances. 


The question of the uniform approximation of the solution of the system (3) by the func- 
tions w) and 7 can be investigated by means of the local Knudsen number, calculated for 
the supersonic branch of (27) 


2n—t 3 
04) = ety } [(n + 1) Pees]? @F) 227-0 , (28) 


Since w%9) increases monotonically (q(t) — cas x-» © for all n), the system of functions w (0,0) 
and + (%) cannot, after a certain distance, serve as an approximation to the solution of the sys- 
tem @) if the conditions (22) hold; this is because of the importance that viscosity now acquires. 
Here, as in the case n < "4, the inequalities Rej!, Pej! « 1 holding, one requires the asymp- 
totic behavior of the solutions of the system (3) for large values of x and arbitrary values of 
Rez! and Pe7?. 

4, We now consider the problem of a plasma flowing out from the Sun, taking into account 
the results we have obtained on the properties of a steady-state, spherically symmetric outflow 
of gas in the gravitational field of a star, The parameters needed in the investigation can be 
estimated from observational data on the solar corona and the interplanetary plasma. Fairly 
crude estimates yield 


Res! = 1, Pep’ =~ 30 to 40, 


although these may not be the actual values, Therefore, in analyzing the problem we shall con- 
sider two cases: 


Rey <1, Peo’ <1 and Rey’ <1, Pep’ S>1, Rep’ = 1, Pep’ S>1. 


In the first case the behavior of the hydrodynamic quantities at large distances can be de- 
scribed by the expressions 


(29) 
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obtained from (18) for the case n = °4 (only the supersonic branch has been taken, since the sub- 
sonic branch is unstable according to the existing data on the properties of the solar corona and 
the interplanetary plasma). The local Knudsen number for the supersonic branch is given in the 
zeroth approximation by the formula 


= 9px) alt +z) 69) 
An investigation of (29) and 80) shows that at large distances the contribution of the dissipative 
terms is small and the zeroth approximation describes the plasma flow from the sun with an 
adequate accuracy. In other words, if the flow is such that the inequalities Reo! < 1 and 
Pe! <« 1 are satisfied at the initial level, it is not only impossible for a transition to free- 
molecular conditions to occur, but also impossible for dissipative processes to exert a signifi- 
cant influence. Certain difficulties arise in interpreting the plasma flow from the sun by solu- 
tions of this type: they are connected with the mechanisms responsible for accelerating the 
plasma to the observed energies (heat sources of great extension are needed) and also with the 
behavior at large distances, since the interaction of the outflowing plasma with the interplanet- 
ary medium has a gas-dynamic nature. 


In the second case the behavior of the hydrodynamic quantities at large distances can only 
be found if the asymptotic behavior of the solutions at large values of x is known for arbitrary 
Rep! and Pej’. If Re, = 1 and Peo: >> 1, this can be seen directly. However, if Rep! « 1, 
then, as was shown in the preceding section, the solution behaves in such a way that, beginning 
at a certain distance, the viscous terms cannot be neglected and the principal question can only 
be answered if the behavior of the solutions at large distances is known for arbitrary values of 
Re>! and Pej!, Since we have not yet succeeded in finding the asymptotic behavior of the solu- 
tions of the system of equations (8) for arbitrary values of Rep! and Pej’, only numerical meth- 
ods can determine whether gas dynamics may be applied and whether a flow can occur with a 
finite radius of the region of frequency collisions. * In order to carry out a numerical integra- 
tion we need data on the conditions of the initial level, not only for the determination of the pa- 
rameters of the problem, but also for the initial values of the velocity and the temperature and 
their first derivatives, In the integration we took the following values of the parameters of the 
problem and initial conditions: 


Re;! = 1.52, Pe! = 42.53, 


(31) 
w= 017, m=, e =), = 0.44, (SE), = — 0.24. 
The system of equations (8) was reduced to the normal form 
dw 
de 
du (2 4952) (y—%)—066—4- (4 : 
dt ( 
a ™ 
d 2 / 
de = 25S 24 —0.03(u— 2) a 4 0.023 "5; + 0.046 + 


*A solution of the problem of numerical methods is necessary even if one does succeed in find- 
ing the asymptotic behavior of the solutions for large values of x and in proving analytically 
that a hydrodynamic model with a finite radius of the region of frequent collisions can exist. 
The point is that in actually constructing a model one needs to know the distance from the ini- 
tial level at which the conditions for the applicability of gas dynamics begin to be violated; 
this can only be found by numerical methods. 
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TABLE 1 


1.00 O17 0.440 4.00 —0,250 

1.10 0.21 0.430 0.98 —(Q).212 0.17 0.18 —1.85 
1.20 0.26 0.420 0.96 —0.182 0.20 0.22 —1.53 
1.30 0.30 0.410 0.94 —0.158 0.24 0.27 —1.26 
1.40 0.34 0.390 0.93 —0.138 0.27 32 —1 (2 
1.50 0.37 0.380 0.94 —0.122 0.30 0.37 —0.81 
1.60 0.44 0.370 0.90 —0.109 0.33 0.43 —0,.63 
1.70 0.49 0.350 0.89 —0.097 0.37 U.48 —().47 
1.80 0.48 0.340 0.88 —0,088 0.40 0.54 —(), 32 
1.90 0.52 0.330 0,873 —().079 0.43 0.60 —(0.18 
2.00 0.55 0.320 0.866 —0.072 0.45 0.66 —0.06 
2.10 0.08 0.320 0.860 —0.066 0,48 0.72 0.05 
2.20 0,61 0.340 0.85 —0.060 0.51 ().78 0.16 
2.30 0.64 0.310 0.847 —0.055 0.54 0.85 (},23 
2.40 0.67 0.300 0.842 —0.051 0.97 0.92 0 39 
2,90 0.70 0.300 0.837 —0.047 0,59 0.90 0.44 
2.60 0.73 0.300 0.832 —0.044 0.62 1.06 0.52 
2.70 0.76 0.290 0.828 —0.040 0.65 1.13 0,60 
2.80 0.79 0.290 0.824 —0.038 0.67 1,21 0.68 
2.90 0.82 0.290 0.820 —0.035 0.70 1.28 0.75 
3.00 0.89 0.290 0.827 —0,033 0.73 1.36 0.82 
3.10 0.88 0.290 0.814 —0.031 0.79 1.49 (1.89 
3.20 0,94 0.290 0.844 —0.029 0.78 1.53 0.96 
3.30 0,94 0.280 0.808 —0.027 0.80 1.62 1.02 
3.40 0,97 0.280 0.809 —0.026 0.83 1.70 1.08 
3,950 0.99 0.280 0.803 —0.024 0.85 1.79 1.14 
3,60 1.02 0.280 0.804 —0.023 0.88 1.89 1.20: 
3.70 1.09 0.280 0.798 —0.021 0.94 1.98 1.26. 
3.80 1.08 0.280 0.796 —0.920 0.93 2.08 1.32 
3.90 4.44 0.280 0.794 —0,019 0.96 2.18 1.38. 
4.00 1.43 0.280 0,792 —0.018 0.98 2.28 4.44 
4,40 1.16 0.280 0.791 —0.017 1.01 2.39 1.90 
4 20 4.19 0.280 0,789 —0,016 1.03 2.49 1.55. 
4.30 1.22 0.280 0.787 —0.016 1.06 2.60 1.61 
4.40 1.20 0,230 0,786 —0,015 1.08 2.71 1.66 
4,90 1.27 () 280 0.784 —0,014 1.11 2.83 1.72 
4.60 1.31 0.280 0,783 —0.014 1.14 2.99 1.78 
4.70 1.33 0.280 0.782 —0.013 1.16 3.06 1.83 
4.80 4.36 0.280 0.780 —0, 012 1.49 3.19 1.89 
4.90 1.39 0,290 0.779 —0.012 1.21 3.31 1.99 
2.00 4.42 0,290 0.778 —0.011 1.24 3.44 2. OU 
5.10 1.45 0,290 0.777 —0.011 1.26 3.57 2.06 
2.20 1.48 0,290 0.776 —0.010 1.29 3.70 2.12 
3.30 1.91 0 290 0.774 —0.010 1.32 3.83 2.17 
3.40 1.93 0,290 0.774 —0,010 1.34 3.97 2.23 
5.00 4.56 0.290 0.773 —(), 009 1,37 4.11 2.29: 
3.60 1,59 0.290 0.772 —0,009 1.39 A .29 2.390 
2.70 1.62 0.290 0,774 —0.009 1.42 4.39 2.40 
2,80 4.65 0.290 0.770 —0,008 1.495 4,4 2.41 
5.90 1.68 0,290 0,769 —0,008 4.47 4 69 2.03 
6.00 1.74 0.291 0.769 —0,008 4.50 4.84 2.59 
6.50 1.85 0.294 0.765 —0.006 1.62 5.64 2.90 
7,00 2.00 0.292 0.762 —0.005 1.76 6.49 3,22! 
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TABLE 1 (concluded) 


a a SO 
7,50 2.14 0.293 0.760 —0.005 4.89 7.42 3.56 
8.00 2.29 0 295 0.758 —0,004 2.02 8.44 3.92 
8 .50 2.44 0.296 0,756 —0.004 9.16 .| 9.47 4.30 
9.00 2.59 0,297 0.754 —0.003 2.29 10.59 4.70 
9.50 2.73 0.297 0.753 —0. 003 2.43 11.77 5.12 
10,00 2.88 0,298 0.754 —0.002 2.56 13.03 5.55 
10.50 3.03 0.299 0.750 —0.002 2.70 14,34 6.02 
11.00 3.48 0.299 0.749 —0. 002 2.83 15.72 6.50 
11.50 3.33 0.300 0.748 —0.002 2.97 17.17 7.04 
12.00 3.48 0.300 0.748 —0 002 3.10 18 .68 7.53 
12.50 3.63 0.300 0.747 —0.004 3.24 20.26 8.08 
13.00 3.78 0.301 0.746 —0.004 5.37 21.90 8.65 
13.50 3.93 0.301 0.746 —0.004 3.51 23.61 9.24 
14.00 4 08 0.3014 0.745 —0,004 3.64 25.39 9.86 
14.50 423 0.302 0.745 —0.001 3.78 27.23 40.50 
15.00 4.38 0.302 0.744 —0.001 3.94 29.03 41.16 
15.50 454 0.302 0.744 —0.001 4.05 31.40 41.84 
16.00 4.69 0.302 0.743 —0.001 4.19 33.44 42.54 
16.50 484 0.302 0.743 —0.001 4.32 35.24 43.27 
17.00 4.99 0.303 0.743 —0. 001 4.46 37.44 14.02 
17.50 5.14 0.303 0.742 —0.004 4.59 39.65 14.80 
18.00 5.29 0.303 0.742 —0.004 4.73 44.95 15 59 
18.50 5 44 0.303 0.742 —0.001 4.87 44 34 16.41 
19,00 5.60 0.303 0.7414 —0.004 5.00 46.74 17.25 
19.50 5.74 0,303 0.741 —0.001 5.14 49 24 18 12 
20.00 5.90 0.303 0.741 0 5.27 51.80 19.01 
20.50 6.05 0.303 0.7441 0 5.44 54.43 19.92 
21.00 6.20 0.303 0.744 0 5.55 57.13 20.85 
21.50 6.35 0.304 0.740 0 5.09 59 89 21.81 


and by means of integration on a computer the following results were obtained: the values of w, 
u, T, and 7 as functions of x; the local Mach number p = 0.67w/ V2. the dimensionless flux of 
hydrodynamic energy perparticle B = w*/2 + AT — 4,75 /x; and the local Knudsen number a = 
r/r =0.80wT’x. The results of the numerical integration for the above version of the problem 
on the M-20 computer are given in Table 1; they show that the conditions for the applicability of 
the gas-dynamic approximation are violated at distances beginning with values of x of the order 
of 2.5-3Ro. Thus, under the given assumptions about the conditions at the initial level one must 
use a hydrodynamic model with a finite-radius region of frequent collisions to describe the sys- 
tem consisting of the solar corona and the interplanetary plasma. 


5. Finally, it is of interest to mention a curious circumstance. In problems on the steady 
state flow of a gas from stars it is found that conditions arise under which the criteria for the 
applicability of gas dynamics are violated, However, before free-molecular conditions occur, 
there must be a region of flow in which dissipative processes play a significant role, even if 
they were of practically no importance at all at the initial level. This is connected with an in- 
crease in the mean-free path and the transport coefficients (the thermal conductivity and viscos- 
ity) to values at which the dissipative terms become important, even though the values of the 
gradients of the hydrodynamic quantities are relatively small. [t is precisely this phenomenon 
that explains why, as we have found, it is impossible for there to be a transition from gas dy- 
namics to free-molecular conditions in the transition layer in the corona (the possibility we in- 
vestigated was of a transition from nonviscous and non-heat-conducting gas dynamics to free- 
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molecular conditions) [4]. It seems to us that this circumstance must be taken into account in 


an investigation of the flow of a gas into space if the parameters indicate that free-molecular 
conditions could arise. * 


_ It is a pleasant duty to thank I, M. Dagkesamanskii for carrying out the numerical integra- 


tion of the system of equations (32) on the M-20 computer. 


ome 0) 
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GAIN STABILIZATION OF TRANSISTORIZED SELECTIVE 
LF AMPLIFIERS IN RADIOMETRIC RECEIVERS 


V.N. Brezgunov and V. A. Udal’tsov 


Vacuum-tube low-frequency tuned amplifiers are used in radiometric receiving devices, 
a typical circuit being that in [1], p. 82. The selectivity is provided by double-T networks in 
the negative feedback circuit. Such amplifiers have been found to be very satisfactory. 


However, multichannel and transportable equipment requires higher reliability and re- 
duced size, so transistorized circuits have become necessary, and this has raised the problem 
of gain stabilization. It has been stated [2] that it is better to use automatic control circuits 
rather than thermostatic systems in transistor amplifiers. 


We have made a transistorized lf amplifier with gain stabilization via an automatic gain 
control (AGC), which consists of a two-frequency selective system (Fig. 1), the two frequen- 
cies being widely separated. The AGC signal is transformed from a dc-reference signal into 
an ac one whose frequency is substantially different from that of the working signal. The two 
signals pass through the amplifying stages and are separated by frequency at the output; the 
AGC signal is then converted to de and used to control the gain, while the working signal is 
passed to a phase-sensitive detector. The AGC signal alters with the actual gain and adjusts 
that gain to the set value within the accuracy of the control. 


This method cannot be based on double-T RC filters, since the active components of the 
selective circuits must be the same. A resonant system employing ferrites was therefore used, 
which is no less selective than the double T (Fig. 2). The lf amplifier with AGC is tuned to two 
different frequencies by two resonant systems, The selectivity at the working frequency is pro- 
vided by the tuned systems K, and Ky, at the input and output together with a phase-sensitive de- 
tector. Circuit K; provides the selectivity at the AGC frequency. The amplifier is made 
aperiodic (apart from the last stage) in order to transmit both frequencies equally. The load in 
the last stage is K, and K, in series, which work respectively into the phase detector and AGC 
detector, 


This system provides quite adequate isolation between the AGC and working signals, The 
AGC signal passes through the entire amplifier and carries information about the gain at its fre- 
quency, The gain varies in the same way at all frequencies in response to the control signal, 
so the AGC signal can be used for automatic gain control at both frequencies, 


The usual series system (T,-T3) [2,3] is used in gain control, in which T, and T, are con- 
trolled elements that act as the de load for T,. The control voltage adjusts the current through 
T, and hence that through T, and T,, which adjusts the gain of the latter. 
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Uo.a75 


Fig. 1. Block diagram of gain stabilization in an lf ampli- 
fier, U,,375-Hz working signal; U,, de reference voltage 
of the AGC system; Un og , 10-kKHz modulating voltage; 
Uy s;, reference voltage for the phase-sensitive detector; 
NF, noise filter; M, modulator; WSF, working signal filter; 
AGCF, AGC filter; AGCD, AGC Detector; PD, phase-sensi- 
tive detector. 


Allowance must be made for the strength and spectrum of the noise at the amplifier input 
in using the device in a radiometric receiver, The low-frequency component in the current 
fluctuations is as follows for a linear detector, while the dc component is 


1, =0.28V u2, 
l.=0.4SV) v2, 


7) 


where § is the slope of the detector, and u~% is the mean square of the input noise. 


For a square-law detector, 
I,=I.= Yui, 


where £ is the coefficient in I = BU*, The ratio of the ac and dc current components is 0.5 for 
a linear detector and 1 for a square-law one. 


If the detector output due to receiver noise is 1 V, the equivalent voltage of the low- 
frequency component of the noise spectrum is 0.5 V for a linear detector and 1 V for a quadratic 
one, Such a noise level would overload a transistor amplifier, so it is necessary to use a pas- 
sive narrow-band filter tuned to the working frequency at the input. 


If the receiver has a rectangular characteristic with a passband AF = 100 kHz, while the 
filter for the working frequency has Af = 30 Hz, the noise voltage at the filter output is re- 
duced roughly by a factor of 2Af/AF=6:- 1074, which means 0.3 mV output for a linear detector 
and 0.6 mV for a square-law one. The AGC signal is injected after the filter, with appropriate 
decoupling between the filter and the AGC modulator. 


The working frequency in the present case was 375 Hz, which was chosen on the basis of 
the radio astronomy system. The necessary selectivity is provided by F-400, 600, and 1000 
nickel — zinc ferrites in the conventional core shape, these having,a natural Q = 20. Such Q 
can be provided down to about 200 Hz, but Q decreases at lower frequencies on account of re- 
sistive loss in the copper. There is no upper frequency limit to the use of tuned systems with 
such Q, though a different type of core is desirable above 1-10 kHz. 


We used Sh20 x 28 F-600 ferrite in circuit K, 875 Hz). A small bandwidth was provided 
by making the coupling to the collector of T; weak, which gave an equivalent Q of 11. The input 
circuit at 375 Hz consisted of Sh7 x 7 F-1000 ferrite. The measured equivalent Q in the tapped 
circuit was 12. 
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Your V K Good decoupling between the two frequencies 
at the output is essential. The level of decoupling 


| 
06 | is governed primarily by the frequency difference. 
a | Taking 1% as the maximum permissible coupling, 
yy : we have U/U,,., = 107¢ for Qeq = 15 at 2.5 kHz, 
Gi a6 | 2 i Um V via the formula 

Fig. 3. Modulator output Uo, as a func- { 

tion of modulating voltage, with the ref- [=] les 

erence voltage at the modulator input “eq Tres 


kept constant, K is the working point of 


the modulator. which follows from the usual equation for the 


resonance curve for Q > land f> fres. The 
AGC frequency was chosen as 10 kHz, while K, was made on an SB-5 screened core with weak 
coupling to the collector of T; and to the AGC detector. The measured equivalent Q was 18. 


Good linearity in the amplitude response at both frequencies is also necessary in order 
to obtain minimal crosstalk. Nonlinearity causes the AGC signal to be modulated by the work- 
ing signal and also causes distortion of the working signal by an amount dependent on the level of the 
AGC signal. A decoupling factor of 100 can be provided if the deviation from linearity does 
not exceed 5%. * 


The AGC reference voltage may be strictly constant or may vary in accordance with 
some law, Modulator T, and T, transforms the reference voltage to ac and employs a switch- 
ing system [5], which has the advantage of relatively low level of parasitic signal at the modu- 
lation frequency. The modulator has input and output resistances of 2 kQ, which gives a para- 
sitic voltage at the modulation frequency of about 1 mV for 3-V control voltage.? This is at- 


TABLE 1 
Up, V] Ic» mA Io, MA Iss Uc, V Rips 2 
mA 
0,13 0.15 0.16 1.40 11.25 900 
0.14 0.18 0.18 1.45 11.05 880 
0.15 0.28 0.25 1.80 10.80 735 
0.16 0.32 0.34 2.00 10.50 680 
0.17 0.84 0.62 3.10 9.45 030 
0.18 1.10 0.78 3.80 8.80 450 
0 19 1.60 1.04 4.70 8.00 400 
0.20 2,00 1.29 5.90 7.10 — 
0.21 2.90 1.79 7.40 0.70 — 
0.22 3.60 2.13 8.80 4.50 — 
0.23 4,50 2.59 10.30 3.35 — 
0.24 4,90 2,80 11.30 2.79 — 
0.25 5.70 3.20 12.90 1.70 — 
0.26 6.40 3.90 14.00 0.70 — 
0.27 6.80 3.70 14.80 0.35 — 


* There is no effect here from nonlinearity in the amplitude characteristic due to the properties 


of the ferrite in Ko. 
{ The effective parasitic voltage is actually about 3 mV on account of harmonics of the modula- 


tion frequency, but these can be neglected. 
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Fig. 4. Gain of the lf amplifier as a function 
of control voltage, as normalized to the gain 
at 0,16 V. 
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Fig. 5. Recordings of the working signal 
after passage through the lf amplifier as the 
temperature varies. Amplifier input kept 
constant. a) AGC inoperative; b) AGC oper- 
ating. The numbers on the curves are the 
air temperatures, The horizontal axis is 
divided at 10-min intervals. 


tained via the additional balancing provided by 
the 75 pF capacitor between ground and one 
end of the modulator transformer. The modu- 
lator operates on a reference potential of 200 
mV with a transfer factor of 0.9, the effective 
voltage at the modulator output being 65 mV, 
and the parasitic signal being 1.8%. The AGC 
signal from the modulator output determines 
the gain stability, so the output voltage must be 
independent of time, temperature, and ampli- 
tude of the modulating voltage. Time and tem- 
perature tests on the modulator at 20-50°C 
showed the transfer factor and the parasitic 
signal to be constant to better than 0.2%. Fig- 
ure 3 shows that the dependence of the transfer 
factor on the modulating voltage was not so 
satisfactory; the transfer factor alters by 2% 
when the modulating voltage deviates 30% from 
3 V, so the modulating voltage must be stabil- 
ized to 1-3%, which requires special measures. 


The requirement of high AGC stability 
also imposes a requirement for stability in the 
modulating frequency. Circuit K, had an equiv- 
alent Q of 11; a permissible change of 0.1% in 
output voltage due to frequency change implies 
a frequency shift of 2 ° 107°, which can occur 
with a vacuum-tube oscillator fitted with a 
thermistor. 


The amplifier itself employs four trans- 
istors. T, and T; are adjustable in gain, while 
T, is an emitter follower that matches the con- 
trol stages to the output. T; has an input im- 
pedance of about 500 2 and a gain for the work- 
ing signal of about 100. The high gain in the 
last stage is necessary in order to provide a 
high upper limit in linearity for the output 
voltage. The last stage is fed from a 30-V 
source via appropriate filters in order to pro- 
vide decoupling from the other stages. 


Table 1 gives the parameters of the 
transistors in the control stages for various 


control voltages Up at the base of the control transistor, while the I, are the collector currents 
of the controlled transistors, Izy is the total current (Collector current of the control transistor), 
Uc. is the collector potential of the control transistor, and Rip is the input impedance of the con- 
trol transistor, as measured with an L2-2 instrument. 


The nominal working point is with Up = —0.16 V. The characteristic of Fig. 4 shows that 
the dynamic control range is 10° for Up from —0,1 to —0.26 V. The control slope [2] is Sc = 


AK/KAUp, with S, = 40 V7! at Up = —0.16 V. 
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Fig, 8. Recordings of 1,1',3-6) working signal at ampli- 
fier output; 2,2',7,8) AGC control signal with AGC on and 
off; 1,1') working signal with AGC off and on, respective- 
ly; 3,5) change in working signal with AGC off and on; 

4,6) change in gain with AGC off and on; 2,2') AGC signal 
with AGC off and on; 7,8) change in gain with AGC off and 


on, 
TABLE 2 The AGC substantially improves the stability in re- 
r Change in sponse to temperature change over the range 16-40°C (Fig. 5), 
ieee ance °C transfer where the gain without AGC increases by about 40%, as 
"YP e factor, % against not more than 0.7% with the AGC operating. The 


AGC circuit includes an MMT-4 resistor, which compen- 


Dil 25-50 1.0 sates the temperature variation in the characteristic of the 
D226 26-50 4-3 control transistor. 

D9K 20-50 2.4 

D2A 20-50 1.4 The phase-sensitive detector employs D-11 diodes, 


The reference voltage is supplied through a bridge phase 
shifter, which gives a phase range of 0-140°C at fixed refer- 
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ence amplitude. Figure 6 shows that the optimal reference voltage is 7 V and that + 30% varia- 
tions in that voltage produce only 0,2% change in the transfer factor. Stability to 0.1% requires 
stabilization of the reference voltage. Measurements on four types of diodes (Table 2) show 
that type Dll is the best as regards temperature stability. 


All the results reported in Table 2 were obtained with the detector working into a 10-kQ 
load. 


The low-pass filter in PD was of T type and provided roughly equal charging and discharg- 
ing time-constants. 


Circuit Parameters 


The passband at the working frequency was 18 Hz at the 0.7 level and was close to optimal, 
being sufficiently narrow to protect the amplifier and phase detector from overload while wide 
enough to give an acceptable slope in the phase characteristic and acceptable instability in the 
transfer factor on account of frequency change in the working signal. 


The overall gain (measured as the ratio of the de output of PD to the effective voltage at 
the input) was 100, the gain of the amplifier itself being 10° but the input circuit for the working 
signal giving an attenuation of about a factor 10. 


Figure 7 shows the amplitude characteristic at the working frequency. The nonlinearity 
at low signal levels is due to the properties of the ferrite in circuit Ky. 


Figure 8 shows signal recordings with steps in the signal and gain in order to evaluate 
the control, These indicate some difference in the response steps of the AGC system to step- 
wise change in the gain as regards AGC signal 8 and working signal 6, which is due to para- 
sitic effects related to the frequency difference between the working and AGC signals, This ef- 
fect is small and can be neglected. The control factor for the AGC signal in the nominal mode 
is 25, as determined from steps 7 and 8 in Fig. 8, The calculated degeneration factor is [2]: 
Ke = ScUpur. This implies Ke = 40 for Uoyr = 1 V and Sc = 40 units/Y. 


The actual degeneration factor is less than the calculated value, which is due to the nega- 
tive feedback with respect to base current and the low input resistance of the control transistor. 
The degeneration factor indicated by steps 8 and 6 in Fig. 8 exceeds the 25 obtained for the AGC 
signal, which is due to the parasitic signal mentioned previously. 


The gain drift over 24 h from the time of switching on with the AGC operative was not 
more than 0.5%. The sources for the working signal, phase reference, and AGC modulation sig- 
nal were taken from GZ-33 oscillators without special measures for voltage stabilization. The 
temperature varied over the range 18-20°C, The corresponding gain change in 24 h with the 
AGC inoperative was 40%. 
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INVESTIGATION OF RANDOM-VARIABLE MOMENTS 
OF WIND LOADING ACTING ON A 
ROTATING ANTENNA 


V. P. Nazarov, V. V. Dubarenko, 
D. G. Stepanov, and A. I. Ukhov 


1. Statement of Problem 


Experience gained in the planning and operation of powerful radio telescopes shows that 
disturbances related to wind loads are the main factor impeding accurate tracking of cosmic ob- 
jects. The wind acts on the guidance system via the antenna, which constitutes an aerodynamic 
filter transforming the energy of the wind. The wind speed and the moment on the control axle 
of the tracking drive are associated [1] by the relation 


M(t) = a (t)v*(t), (1) 


where M(t) is the instantaneous value of the moment due to the wind on the control axle, a (t) is 
the aerodynamic-moment coefficient, and v(t) is the instantaneous value of wind speed. 


When a radio telescope tracks a cosmic object the antenna profile changes relative to the 
wind velocity vector. In connection with this the aerodynamic-moment coefficient also changes, 
the process of its change being random in the general case. Accordingly the moment M(t) is a 
random function of time; the determination of its statistical nature is the basic task of this 
article. 


In antenna installations intended for tracking cosmic objects there are two suspension 
systems, equatorial and horizontal, Here we will consider only installations with a horizontal 
suspension system tracking an object with respect to its angle of elevation and azimuth. 


2. Statistical Characteristics of Wind 


The wind never remains constant either in magnitude or in direction. A change 
in direction can be attributed to the random character of the change of the aerodynamic coeffi- 
cient, The instantaneous value of the wind speed can be represented [1] by the following ex- 
pression: 


v(t) = Vo + 4 (4), (2) 


where vy is the average value of wind speed, v,(t) is the instantaneous deviation of the wind speed 
from the average value. Then the moment is defined as 
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Fig. 1, Aerodynamic moment coefficient based Fig. 2. Time dependence of aerodynamic :no- 
on wind-tunnel results. ment coefficient. 1) Based on wind-tunnel re- 
sults; 2) based on results of full-scale tests 
(wa = 3 deg/sec, n= 0°), 


M(t) = a(t) [% + 2v9r (t) + of (6). (3) 


Adding and subtracting in the brackets of expression (3) the quantity (v3 (t)) of the mean square 
of the wind speed fluctuations, we obtain 


M(t) = a(t) {Iv% + <a (t)>] + 2vor(t) + fr () — <i (d)>)}. (4) 


The term [v2 (t) — (ve (t))) in expression (4) can be disregarded by virtue of its smallness. Then 
the fluctuations of the moment due to the wind can represented approximately as 


M(t) ~~ a(t) [vg + <vz(t) > + 2v 2, (¢)). (5) 
If we denote vi + (vi (t)>) = (vy?) the mean square of the wind speed, then 
M(t) = a(t)lX v2 > + 2v 9x, (1). (6) 


We see from expression (6) that the process of fluctuations of the moment on the control axle is 
a combination of two random processes — fluctuations of wind speed and change of the aerody- 
namic coefficient. The statistical properties of the wind speed fluctuations have been studied 
well and their characteristics are presented widely in aerodynamic and other literature. 


Thus, on the basis of (1)-(3), the correlationfunction of wind speed fluctuations can be rep- 
resented approximately by an exponential curve of the form 


RY), = Cv? (t)) eo), (7) 


The values of the constants (vi (t)) and pv entering expression (7) are determined by the nature 
of the wind and depend substantially on wind speed, topography, and the observation interval, 
which lead to low-frequency oscillations [8]. 
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Fig. 3. Recording of the armature current of the control electric motor during move- 
ment of the antenna azimuthally (n = 0). 


3d. Statistical Characteristics of the 
Aerodynamic Moment Coefficient 


The values of the aerodynamic-moment coefficient are determined by the position of the 
antenna relative to the wind direction. In view of the complexity of the aerodynamic form of the 
antenna the calculation of coefficient a@ presents considerable difficulties. In connection with 
this, the dependence of the aerodynamic-moment coefficient on the azimuth and angle of eleva- 
tion relative to the wind velocity vector was determined experimentally — by placing a model 
radio telescope in a wind tunnel [4]. 


The model was tested at different positions corresponding to different values of azimuth 
A from 0 to 180° and angle of elevation h from 0 to 90°. The indicated range of angles A and h 
covers all positions which the antenna can occupy under real conditions, since it has a vertical 
plane of symmetry. Thus, the position of the antenna with respect to the flow corresponding to 
values of angles A = 30° and h = 60° is identical to the position at which angles A and h have 
values of 330 and 60°, respectively. In this case the signs of certain aerodynamic coefficients 
can be opposite, 


Figure 1 shows the family of curves of the change of the aerodynamic-moment coeffi- 
cient as a function of the angle of rotation with respect to the azimuth A at fixed angles of ele- 
vation h obtained as a result of wind-tunnel tests of a model radio telescope with a 32-m para- 
bolic antenna, 


Figure 2 shows, for comparison, the curves of the aerodynamic-moment coefficient 
plotted from the results of wind-tunnel and full-scale tests of a radio telescope. 


In the full-scale tests, the aerodynamic-moment coefficient was determined by recording 
the armature current of the control electric motor of the azimuth drive during movement of the 
antenna azimuthally at a speed of 3 deg/sec from 0 to 360° and angle of elevation h = 0°. One 
of the recordings of the armature current is shown in Fig, 3. 


When calculating the coefficient a (curve 2, Fig. 2) we disregarded losses due to friction 
in the reducing gear and changes of wind direction during movement azimuthally, but nonethe- 
less the character of change of curves 1 and 2 (Fig. 2) coincides. We associate the differences 
of curves 1 and 2 with the different conditions of setting up the experiments in the wind-tunnel 
and full-scale tests. 


We will examine the method of obtaining the statistical characteristics of the aerody- 
namic coefficient by way of an analysis of the data of the wind-tunnel test on the model radio 
telescope with a 32-m parabolic antenna, The aerodynamic coefficient, more truly its mathe- 
matical model, has a number of special features: 
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1) a= f(A;h), but 
A = f(t) = {*A(0), (8) 


= f(t) = (*h (9), °) 


i.e., in the general case they are random processes. Then a =f (A,h) is also a random process 
and can be represented by a set of time functions \ 


{Ka(t)}, O<t <*T, . (19) 


where *'T is the time of the k-th realization of the random process of change of the aerodynamic- 
moment coefficient. The index k is needed to distinguish one realization from another, 


2) At the start of movement the position of the antenna azimuthally is equiprobable with 
respect to the direction of the wind velocity vector, and the position with respect to the angle of 
elevation h = 0°. It is considered that at the start of reception (t = 0) the object appears from 
behind the horizon. 


3) The limited power of the guidance drive leads to limitation of the maximum velocities 
and accelerations: 


w(t) < Qa, 

On (t)< Qh, (11) 
Ea (t)< Ea, 

En (t) < ep, 


where w, (), w,(¢), &, (t), and &; (t) are the running values of velocities and accelerations of the 
antenna with respect to the azimuth and angle of elevation, respectively; and Qa, Qn, &A, and 
€p, are the peak values of these velocities and accelerations. 


In addition, the velocity characteristics of the antenna are limited by the time of line-of- 
sign reception T, with respect to the object being observed. Processes 1 wa (t)s and 1°w, (t) 
are random, and for their characterization we must know the mathematical expectation and the 
distribution law relative to the mathematical expectation or have a set of realizations. 


Limitation of the velocities and accelerations leads to the appearance of "blind spots" for 
telescopes with horizontal suspension systems and consequently to interruptions in communica- 
tion [5]. Henceforth we will consider continuous communication to be a necessary condition, 
i.e., movement of an artificial earth satellite (AES) in a spot "blind" for a telescope will not be 
considered, 


4) Consider the uses of radio telescopes: reception of radio signals from natural cosmic 
objects, and from artificial earth satellites (AES). 


In the first case the work of the radio telescope is characterized by slow (up to sev- 
eral minutes of angle per second) rates of change of the azimuth and angle of elevation of the 
antenna [5]. When considering the dynamics of the effect of wind on the guidance system [1], 
we can take the aerodynamic-moment coefficient to be a constant, 


During operation of a radio telescope with respect to AES, which have orbital altitudes of 
several hundred kilometers above the earth's surface, the speeds of the antenna with respect 
to azimuth and angle of elevation reach several degrees per second. This leads to appre- 
ciable rates of change of the aerodynamic profile of the antenna, which complicates the prob- 
lem of determining the statistical characteristics of the change of the aerodynamic-moment 
coefficient. To solve it we need special investigations of the trajectories of cosmic objects 
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and determination of their theoretico-probabilistic characteristics. However, this is beyond 
the scope of the present article. 


It is obvious that the solution of the problem of determining the statistical properties of 
the aerodynamic-moment coefficient in the most general case when any trajectory being tracked 


is equiprobable is not expedient, Apparently, it-is necessary to limit oneself to one trajectory 
or group of trajectories, 


We will examine the method of determining the correlation function of a change of the 
aerodynamic coefficient when tracking any trajectory of a given group. For simplicity of the 
arguments, we will take trajectories with circular orbits, for which the change of azimuth and 


angle of elevation, disregarding the angular velocity of the earth's rotation, have the form (see 
Appendix); 


A (t) = tan! [a tsn( out + )| 


a BR 
1—a— sin (wt + a) — —__E (12) 
h(t) = tan? WA ian 


’ 


cos? (w,t +- Xo) + (a) sin (wt + A) 
A 


‘e(R A 
where @.= ! Tr ho ) / Ate is the angular velocity of rotation of a satellite around the 


earth; Re is the earth's radius; H is the orbital altitude above the earth's surface. 


We limit the group of orbits of the AES to the range 


Ay He CA, (13) 


If now we consider any trajectory to be equiprobable with simultaneous fulfillment of conditions 
(11)- (13), obviously we obtain a set of time functions 


{2A (t)} and (Zh (t)}, OSE<*T. (14) 


These sets characterize the movement of the antenna, Here ¢ is the number of the tra- 
jectory which takes all values of some interval of the numerical axis from 1 to u, where u is the 
number of trajectories considered; *T is the length of time of the communication (the time of 
direct visibility of the AES from the observation point). In other words, we have two finite sets 
of analytically given functions, whereby each pair *A(t) and *h(t) characterizes the ¢-th tra- 
jectory of the AES. For all trajectories a certain combination of the azimuth and angle of elevation 
corresponds to a certain time, and a certain value of the aerodynamic-coefficient corresponds 
to these angles from the family of characteristic curves a(A, h) (see Fig. 1). 


Dividing the period of communication *T into equal time intervals, we find the values of 
the coefficient @ corresponding to the ends of these time intervals, taking any point on the A axis 
as the origin. Then having changed the origin of A for the same times, we obtain the other 
values of the coefficient a, The curves of the change a (t) will be equal for different wind direc- 
tions at the start of movement. The wind direction will be assumed to be equiprobable for any 
azimuth at the start of movement, 


If we take several points of the origin of A, we can regard each curve Fa (t) as the realiza- 
tion of the random process of change of the aerodynamic coefficient represented by a set of 
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realizations corresponding to different azimuthal wind directions when tracking one specific 
(¢ -th) trajectory of the AES: 


{Fa(t)}, OES, (15) 


where ¢ is the number of the possible direction of the wind velocity vector, which takes all 
values of some interval of the numerical axis from 1 to s, where s is the number of possible 
wind directions, ‘ 


Thus, for all trajectories of the AES 


{FA (t)}, {2h (t)}, OSE CEE 


the random process of change of the aerodynamic coefficient can be represented by time func- 
tions {ka (t) f, 0 < t < §T and can be described by its statistical characteristics. 


The most universal statistical characteristics for random processes are their correla- 
tion functions. For random processes {Kg (t) } the correlation function can be written in the form 


N 
Sy “a (t1)* a (te) 


Raa (ti, te) = ¢“a (t,)"a (tg)> av. index = lim = (16) 
N+.» 


For each realization Katt) for a fixed k we take the values of Ka (ty) and “a (t.) and multiply, After 
this all such products obtained for different realizations are added and divided by the number of 
realizations. The result thus depends on the selection of times t, and t. 


We break up set {Xq (t) } into subsets { a(t) }, 0 < t < §T such that each of the realizations 
entering a given subset has the same period of reception *T, The number of such subsets is 
equal to the number of trajectories u considered. 


We examine on realization (recording) *a(t) of finite length ‘T of random process { Fat) }. 
We divide this recording into n identical intervals by points equidistant from one another with a 
distance of At between them and denote the values obtained of the function at these points a,, 
Qo,...,@,y. Then the following formula will give the approximate value of the correlation 
function *Raq (7) (in this case the origin of the interval of realization §T is taken as the origin 
of the coordinates): 


&T—Atm i=n—m 
B ~_ & _ 1 \ g B =~ _ i & \e . 
Raat) "Rea htm) = ea, | Saltha(t + Atmaem ee D *a(e ale, + Atm at, a7) 
ST 
At=—, t= Aim, m=0,1, 2,...,n. 
Then 
i=n—m 
“Rea (™m) =~ an mM 21 “aiixm, (18) 
i= 
where 


fa, = a(t), ‘dium = %a (ty + Atm). 
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To obtain Raq (m) we must calculate n — m products A104 4 ms 244m... . by formula 
(18), shifting each value by Atm units and multiplying the original values by the corresponding 
values obtained after the shift. Then the n— m products are added and their sum is divided by 
the number of terms. 


We write several of their sums: 


n*Raa (0) = at + ag... + Anat an, 
(n — 1) "Raa (1) = aay + dyag + 26. + Onigdny + Anan, 
(n — 1) "Rag (—4) = ayy + ag + +. + OngQn-1 + Onin, 
(n — 2) Roa (2) = a3 + dodgy +... + An gOn-p + An-20n, (19) 
(n — 2) "Raa (— 2) = a3 + agdg... + Gn-cAn~z + An~24ns 


oo ee @ je oe je @ .® @ e@ e¢ @®@ oe e e# e «oe ee ee oe ee eee ee «oe 6 oe @ 


4 
(2 — m) "Rag (M) = AyAmyy + A2Ainsg +o. «+ AnyOn—(mir) + An—-mOn- 


From an examination of system of equations (19) we can conclude that Raa (7) has the follow- 
ing two properties: 


1) * Roa (t) = "Raa (—7) for all m=1,2,3,...,n, (20) 


? ? 


i.e., the correlation function of the change of the aerodynamic coefficient is an even function; 


2) by (a; +4iym)? > 9, 
but 
> (a; + Gi+m)? =3 ai+2 > Gjdixm + 3 Qirm = 1 Rag (0) + (nm — m)*"Rag (m) + n*Rag (0). 
Consequently, 


__, me 
” —— Rag (m)}. 


* Ran (0) > 


When At ~ 0 and n —© for all finite parameters of the correlation 


° nm—-m 
lim = 4. 
N—-CO n 


Therefore, 


“Raa (0) > |* Raa (t) |. (21) 


It follows from expression (21) that the correlation function is symmetric relative to point 
+ = 0. If now we assume that the number of realizations a (t) is equal to s and the duration of 
each is © T, the correlation function can be represented by the formula 


ER (m) = 1 > fa dism- (22) 
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Further, on averaging the set of recordings of random process {Katy} ,0<t< &§T, we 
obtain the general formula for calculating the correlation function of the change of the aerody- 
namic-moment coefficient for a certain group of trajectories of the AES with an equiprobable 
azimuthal wind direction at the start of communication (time of appearance of the object from 
behind the horizon t = 0, h = 0); 


Raa(t) = —- >) *Roa (2), (23) 


where u is the number of trajectories of the AES considered. 


4. Statistical Characteristics of the Moment on the 
Control Axle of the Antenna Guidance System 


Knowing the correlation functions of the random process of change of the aerodynamic- 
moment coefficient and of the process of fluctuations of wind velocity, we determine the cor- 
relation function of the moment acting on the control axle of the antenna. On the basis of ex- 
pression (6): 

*M (t) = “a(t)[B + B*v, ()], (24) 
where 6 = ¢ 7?) and B = 2yp. 


Assuming {katy} and {ky ep} are statistically independent, we find the correlation func- 
tion Rmm (T) of the total random process of disturbances {ky (t) } applied to the control axle of 
the guidance system of the radio telescope: 


Rmm(t) = °M ("M(t +1)> =e (B+ BO} Cat +0 (B+ B%, (t+) = 
= {a (t)*a (t + 1) [B® + BB", (0) + BB", (t +1) + BY, (t +1]. (25) 
Processes {*a(t)} and {*v,(t)} are not cross-correlated, and therefore their average over 
the set can be examined separately: 
Ream(t) = "a (t)"a (t + 1)> (B® + BB", (t) + BBY, (t + 1) + B™ 0, (1)"v, (¢ + 1)), 
(BB"v, (t)) = (BBY, (t +1)) = 0. 


Since the mathematical expectation of the fluctuations of wind velocity relative to the average 
value of wind velocity equals zero, 
Rrm(t) = (“a (t)"a (t + 1)> <B* + B*y, (t) (t+), 
(“a (t)‘a(t +1)> = Rao (1), 
(B*y, (t)*v, (t + t)> = Ry, 4, (t) B?. 
Then 


Fim (Tt) = Raa (t) [b? + BR,,,,(1)]. (26) 


5. Example of Calculation 


We will examine an example of the calculation of the statistical characteristics of random 
loads on the guidance system of the radio telescope with respect to the azimuth for three pos- 
sible cases of movement of the antenna: 
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1) for tracking the trajectory of an AES, a, =att); 


_—- 


2) for rotating at a constant maximum speed with respect to the azimuth w , (t) = Q, at 
an angle of elevation equal to zero, a, = a (t); and, 


3) for the position of the antenna in space remaining constant, with 
Aas = Amax = const. 


We denote the correlation functions of the aerodynamic coefficient on the control axle for 
each of the cases analyzed, respectively 


Riaa(t), Rimm(7), 
Roaa (t), R, mm (rT), 
Rsaa (t), Remm(t) . 


The method examined above permits determining the correlation functions R,,, (7) and 
Roga (T). 


Determination of Rj,qq(T). Datafor the calculation: circular orbit of the AES; 
H = 200 km; Q, = 3 deg/sec is the maximum azimuthal tracking speed at the point of culmina- 
tion (see Figs. 7 and 8); Re = 6.37 - 10° m is the earth's radius; q = v°/(RE + H) is the gravita- 
tional acceleration; v = gvg(Re +H) = 8.04 - 10° m/sec is the linear velocity of rotation of the 
AES around the earth; w, = v/Re = 0.07 deg/sec is the angular velocity of rotation of the AES 
around the earth; cos 9 = w,/Qa = 0.023 is the cosine of the angle of inclination of the orbital 
plane to the horizontal plane at the observation point 


fr 4 


— e@77t _ COT ORO. 
2 = SIN Rp +H o, 5 76 ) 
4 —({—— 
(ax) 
and 
T 180° — 2% 400 


is the period of reception 


A (t) = tan + (0.0233 tan(0.07 ¢ + 76°)], 


(27) 
oy sin (0,07 t + 76°) — 0.97 
h() = tan cos? (0.07 t +- 76°) + 0,54-107 sin (0.07 ¢ + 76°) 
_ dA(t) _ 1.63-1073 
OA = Gt ~ cos?(0.07 t + 76°) 4+- 0.54-40-9sin (0.07 t + 76°) ’ (28) 
gh ah cos (0.07 t + 76°) -+ 307 w, sin (28° — 0.14 £) [sin (0.07 t + 76°) —0. a7) 
Op, = —Z- = 1.23 Y o4 ———— 1+ 613 w, [sim (0.07 ¢ + 76°) — 0.97)? 


The graphs of A(t), h(t), wa (t), and w(t) on the basis of formulas (27) and (28) are shown 
in Figs. 7 and 8. The correlation function Rjgq (T) was calculated according to (22): 


=8 
i=40—™ 


f E 
Ryaq (mM) 8 (40 — m) 21 5a, ism) 
E=1 
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where T = mAt is a parameter of the correla- 


“gy tion; T = nAt = 400 sec; At = 10 sec; n = 40; 
4 and s = 8 is the number of possible wind direc- 
tions at the start of tracking (during tracking of 
"E the antenna it was assumed that the wind direc- 
2 


tion remains constant). 


¥ 
’ 


In conformity with the curves of the wind- 
tunnel test (see Fig. 1) 


Riagl®) 10 
S 


2 when § = 4 14=0Q, 
when & = 2 24 = 49°, 
when& = 3 34 = 90°, 
“ /00 £00 300 F,sec ms 
when— = 8 8A = 315°.” 
Fig. 4. Correlation function of aerodynamic- 
moment coefficient and its analytic approxi- The graph of the correlation function 
mations for tracking of an AES, 1) Experi- Riaa (T) is presented in Fig. 4. Two analytic 


mental curve; 2) approximation according to approximations of the function are given in Fig. 4: 
(29); 3) approximation according to (0), 
Riaq (t) = De*™ cos Br — Ro, (29) 


Riga (t) = Dee) (cos Bx + ksin By |+]— Ry), (30) 
where 8 is the resonance frequency; 4 is a parameter of decay; and R, is the square of the 
mean value of the aerodynamic-moment coefficient during tracking, Expression (0) gives a 
better approximation to the calculated curve 1 (see Fig. 4, curve 3) than (29), and therefore we 
take expression (30) for the analytic approximation of Rigq(t). After substitution of the numeri- 


cal values 
Ryaa (t) = — 32.2-10? 4+ 83.8 - 103 e-0-0481"! (cos 0.044 t + 0.1 sin 0.02|t}). (31) 


Determination of Rogqg(t). Datafor calculation: wa(t) = Qa = 3 deg/sec, 
h(t) = 0°. 


The correlation function R 3 aa (T) was calculated according to (22): 


i=n— 


m™m 
4 
Rega (m) = m >» Q;Qi.m, 


Nt — 
1==0 


where T = mAt, At = 1 sec, n = 120 and corresponds to a complete rotation of the antenna 
azimuthally by 360°, 


The calculation of Rygq(T) was performed in the interval T of one recording (realization) 
a(t) obtained after change of variable A by t in the wind-tunnel graph (see Fig, 2): 


41 ra 129 
Q, ~ 3deg/sec — sees 


The graph of Rogq(T) is shown in Fig. 5 (curve 1), Its two analytic approximations are given in 
the same figure: 


Roaa (t) = Devt"! cos Br, (32) 
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-2 Ny Rea (t) = De"! [cos Br+—-sin8|r|]. 63) 
~~ 4+-N\ / 
£ \ Z f ~ i L 
ms \ i Comparing the curves of the analytic ap- 
5 Z L J Hy) proximation of the correlation function Ry» gg(T) 
ey \ y; with the experimental curve, we see that the 
= g first wave of the experimental curve is nicely 
S if approximated by a decaying exponential cosine 
C2 | f! function 32). At the end of the experimental 
\ Y curve we observe random fluctuations around 
4 NG zero, which can be explained by the selection of 
a finite length of the recording in place of an in- 
v0 00 WW 48ec finite length and by the weak correlation for 
Fig. 5. Correlation function of the aero- large parameters of correlation 7: 
dynamic coefficient and its analytic ap- 
proximations for movement of the antenna Roaa (tT) = 4.95-104 e-0-00314 It! cos 0.073 t. 


with wa = 3 deg/sec,n = 0°, 1) Experi- 
mental curve; 2) approximation according 
to (33); 3) approximation according to (32),  @max’. Weset max = 400 kgm/(m/sec)’, 

The correlation function of the wind velocity 

fluctuations has the form of (7). The range of 
frequencies of the change of the spectral density of the fluctuations is from 0.4 to 3 sec™! [1,3]. 
For our problem we take y = 1 sec™!, For the average wind speed Vv) = 15 m/sec (according 
to [1]) the standard deviation from the average wind speed is 0.5vo, then 


Correlation Function Rgg (T) = 


[<v?, 2 =0.5-15 = 7. 5m/sec . 
Accordingly the mean square of the wind-speed fluctuations is 
(v? (t)) = 56.25 (m/sec)’, 
and 
Ry», (t) = 56.25 eH, (34) 


On the basis of (26), (30), (83), and (4) we determine the correlation functions of the mo- 
ments: 


Rymm(t) = — M: + Dye | cos Bit a Dewi | sin Bo | tT | +- Dyenval* | cos Bit +- Dem!" | sin B. | C | __ Dsewl"! , 


Remm(t) = Deen*!"! cos Bgt + Dze™!*! cos Bat, 
Rsmm(t) = Mz + Dee", 
where M? = 25.4-108 (kgm)?, py = 0.0048 sec” * 


and 


M? = 126-108 (kgm)’, ity = 1.0048 sec™!, 
D, = 66.2-108 (kgm)’, v=1 sec}, 

D, = 6.62-108 (kgm)’, ps = 0.00314sec 7, 
Dz = 42.4-108 (kgm)*, pg = 1.00344 sec™* 
D, = 4.24-408 (kgm)*, = B, = 0.00437 sec™', 
D, = 16.3-108 (kgm)*, 8, = 0.024sec™', 
Dz = 39.1-108 (kgm)*, 8, = 0.073 sec”. 
Dz = 25.1-108 (kgm)’, 
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Fig. 6. Spectral densities of the moment on the azimuthal control axle. 
a) When tracking an AES (1 is the constant component, 2 is the variable 
component); b) during movement with wa = 3 deg/sec, n = 0°; c) for 
wa = 0, wy = 0, and w = G@max (1 is the constant component, 2 is the 
variable component). 
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Fig. 7, Time dependence of angle of azimuth (a) and of azimuthal speed (b). 
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Fig. 8, Time dependence of angle of elevation (a) and elevation speed (b). 
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From the known correlation functions we determine the spectral density of the moment on 
‘the control axle, For an arbitrary random process {*a (t)} when T— © we have [2] 


Gaa (/) = lim ( e~anft Ea ( Raa (tt + T) dt| dt. (35) 
—oo =~T 


For correlation function R,,, (7) when the antenna is tracking an AES moving over a stationary 
T 


. : . 1 
circular orbit, the operation 57 \ Roa (tf + t)dt was performed according to formula (23), 


Correlation functions Rygq (tT) and R3,q(T) correspond to stationary random processes. 
Consequently, formula (85) can be rewritten in the form 


oe) 


Gaa(f)=2 \ Rog (2) cient de. (36) 


—co 


If we use the angular frequency w [sec™!] in place of f [Hz], expression (86) takes the form of 
the known Wiener — Khinchine relation 


Gog (@) = —\ Raa (tT) coswr dt. (37) 
0 


We note that G() is a double Fourier transform of Rag(T). 


Thus, the general expression of the spectral density of the fluctuations of the moment on 
the control axle from the wind load is 


o@) 


Gmm(®) = =| Rmm(t) cos wtdt. (38) 


0 


Then the spectral density of the moments corresponding to the correlation functions Ry pm (T); 
Romm(T), and R3 y(t) have the form 


Gimm(®) = — 20, M{6(o)+ 1D, | | +s Fewceerss r Ti bto 


1 
BiG —oF | w+ Gop e+ @r—o) | w+ @2+o) 


1 | +f Be— @ 4 Be+o 2D;v 


; 1 
D. |—————-— + - — <8 
ts pacer? py? (81 + @)? p2+@,—o? pet+@+or] wto’ 


(39) 


rl 1 1 1 
= u,D,{|—————— + - ———_] + uD, [~__—_ + -—__]. 
Gomm{o) = Hs | tna aera | " A iene: Tt@re | 
2nD 
Gsmm(o) = 20M38 (0) + SS 


where 6 (w) is the unit impulse function. 


After substituting the numerical values we obtain 


1 
Gmm{) =—159 10° (0) +0.318-10° | Sasa eusTSar + 
t “408 0.021 —o 
+ 973-4078 -L SUT Eo + 6.62-10 | SEO ROO SOP + 


0,021 —o “408 4 
+ seer | + 424-10" | omar ar + 
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0.021 0.021 — w | — 32.6 


1 —————e ———— 
| + 4.24-10°| Stor op + po 0a oF t1+o’ 


T 74 (0.00437 + of 


| ! 1 
Commo) = 0.123-10° | sasapay Sar + TEA OO a | + 


© i ! 
+ 25.1-10° Fescxieeers: + ware ’ 


161 
Gamm() = 7.916 () + =aGe7 1+ 


The curves of the change of spectral densities G, mm (w), Ge mm (w), 2nd G3.mm (w) accord- 
ing to (39) are presented in Fig. 6a, b, c. 


Integration of the spectral density of the moment with respect to all frequencies gives the 
mean square of the moment in (kgm)? (Fig. 7): 


(M(t) = M24+D, +D, +Ds +D,— Ds = 66.9-108, 
¢ M,2(t)) =D, +D, = 64.2 - 10%, 
<M 2(t)) = M,2 + Ds = 206.6 - 10°. 


Accordingly the mean square values of the moments from the wind load on the control axle of 
the azimuthal drive are equal to: when tracking an object [ (Mj (t) ) jz = = 82 - 10° kgm; during 
movement with a constant maximum azimuthal speed [ (M(t) \\]2 = 80 - 10° kgm; with a station- 
ary antenna [(MS(t))]2 = 142 - 10° kgm (Fig. 8). 


Conclusions 


1. Random disturbances acting on the guidance system of a radio telescope are deter- 
mined both by fluctuations of the wind and ‘by the random character of change of the aerody- 
namic coefficient of the antenna. 


2, A method is given for determining the statistical characteristics of change of the 
aerodynamic-moment coefficient based on the results of wind-tunnel tests on a model radio 
telescope. 


3. The correlation functions of the moments on the control axle of the guidance system 
drive are decaying exponential-cosine functions. 


4, When solving problems of determining the statistical characteristics of the disturb- 
ances, we disregarded the filtering properties of the antenna with respect to wind speed fluctu- 
ations. It was considered that the energy of the wind is transformed linearly by the antenna 
without losses, Therefore, the results obtained in the work are overstated with respect to ab- 
solute values, which obviously can be a useful margin when designing. 


Consideration of the antenna as an aerodynamic filter of wind varying in magnitude is a 
complex independent problem. 


APPENDIX 


Kinematics of Tracking an Artificial Earth 
Satellite by Radio Telescope 


We will examine the kinematics of tracking an AES by radio telescope on the basis of the 
following assumptions: the earth is a sphere; the orbit of the satellite is circular; and the or- 
bital plane passes through the center of the earth. 
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We call Re the earth's radius; H is the altitude 
of the satellite above the earth's surface; v is the 
linear velocity of rotation of the satellite around the 
earth (Fig. 9). 


The spherical-coordinate system of the radio 
telescope (Fig. 10) is 


x= pcoshcos A, 
y=pcoshsin A, 


z=psink, 
p=V2r?+ y+ 27, 
1 Y 


Fig. 9. Diagram for determining the A= tan? 


laws of motion of the antenna when h <= tan7? Zz 
tracking an AES, purty? 


We find the equation of the trajectory of motion of the 
satellite relative to coordinate system X, Y, Z, the 
origin of which coincides with the observation point. 


Equation of a sphere of radius Re + H: 


x+y’ + (2—Rp)? = (A, + A). (A.1) 
Equation of plane CAD: 


z= ytang — Ap. (A.2) 


Equation of a sphere: 

Fig. 10. Diagram of the spherical- 

coordinate system of the radio tele- v2 + y? + (2 — Rp)? = Rp. (A.3) 
scope. 


Equation of the horizontal plane: 
z= 0. (A.4) 
Equation of the satellite orbit: 
ay? + (2—Ry)t = (Re + HY, 
z = ytang — fp. (A. 5) 


Points of intersection of the horizontal plane by the satellite orbit 


x? ty? + (29 — Ae) = (Re + H)?, 
Zo = yotang — Rp, 
Zo = Q). 


Hence we get 
Yo = Aecot g, 
Le = 2H + HH? — Re cot? q, 


VRP coche (A. 6) 
to = ¥ (Re + )’ — Recosec’@ , 


Zo = OV. 
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Ina polar-coordinate system this becomes 


” 0 


*0 (A. 7) 
ho — Q. 


The coordinates of the point of location of the 
AES at the end.of reception are 


Ye = Recot g, 
te= — V (Rg + A)? — Re cosec’ @ ’ 
aa, (A. 8) 
Fig. 11. Diagram for the equation of motion ce 
of the satellite, or, ina polar-coordinate system: 
y 
Ae= tan} we = tan ‘(— 2) = 1 — tan”! ’ 
L Zo 
© (A. 9) 


he = QO. 


Where the equation of motion of the satellite 
relative to the center of the earth is (Fig. 11) 


the period of communication is 


T= = RET 


(A.11) 


We 


where w,, is the angular velocity of rotation of 
the AES around the earth. 


We find the projections of the motion of 
the satellite on two mutually perpendicular di- 
rections m-m and n-n parallel to the orbital 
plane of the AES (Fig. 12). Direction m-m be- 
longs to the orbital plane of the AES and is 
parallel to straight line O,A: 


Fig. 12. Diagram for the determination of 
the projections of the motion of the satellite 
onto two mutually perpendicular directions. 


m (t) = (Re + H) sin (wat + 9), 


R (A.12) 
E 1 
Sin (9) = R.tH sing ’ 
R 
° =] E 
AQ, = sin cos 
0 Reta OS® 


Direction n-n belongs to the orbital plane and is parallel to the X axis: 


n(t) = (Re + H) cos (Wat + a), 


where n(t) is the projection of the instantaneous position of the AES onto the coordinate axis OX 
in a rectangular-coordinate system as a consequence of the fact that nn|[(CD, and CDI||OX. Di- 
rection m-m forms with the horizontal plane an angle 9g, 


y (t) = mit) cos q, (A.13) 
z(t) = m(t)sin g — Fz, 
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where y(t) and z(t) are projections of the instantaneous position of the satellite onto the coordi- 
nate axes Y and Z, and 9g is the angle formed by the horizontal plane and the orbital plane of the 


AES. 


Thus, the equations of motion of the satellite in projections onto the coordinate axes are 


Re cosec @ 
(1) — v 71 (CE 
x (t) (Re + H) cos |p tay t + sin TH | 
= ” _s Re cosec P 
y (t) = (Re + HT) cos @ Sin apart + sin =! a ’ (A.14) 
. . AR, cosec @ 
7 Ut) — v ot ME _ 
z(t) = (Rg + A)singsin Rese t+ sin Roti 7 
In a spherical-coordinate system 
A (t) = tan’ [cos ptan(a@gt + a)], 
(ogt +0) 
sin @ sin (W@,f + a Rpt a 
VY cos? (0,2 V cos*(w,t + ao) + cos @sin®?(@,t-L a) cos’ @ sin? (w,t + ao) 
© t) _ dA (t) _ W, COS P 
A(t) = dt = cos? (Wat + ao) -+ cos? @ sin? (@,t + a) ’ (A, 15) 
; dh(t) _ @q {SIN P cos (wat + a) [cos? (w,¢ + ao) + cos? g sin? (w,t ++ ao)] — 
On (0) = dt — {cos? (wm, t + Mo) ++ cos? P.sin? (w,t + a) + [sin @ sin (o,f + a) — 
{ R 
—%>7 sin 2 (o,t + ao) [cos? p — 1] [sin @ sin (, t-+40)——a—F ar || 
— i aar| \ Vy cos? (Wt -++- ao) + cos? @ sin? (w,t + do) 
The azimuth speed reaches its maximum value Qa at time 3T = (7 — 2a9)/2u,: 
W, COS P W, COS P Wy 
Q4= 7 Ff \.....f f \ Cost@ cos@ ’ 
cost ( Og 39 + 20 -+ cos? @ sin? ( Og > +a] 
Wy 
COs —- *_ 9 
/ QA 
from where 
-1 a 
@ = cos Qa ° 
Then expression (A.15) is rewritten as 
wo? 1 
wa, (t) = a 
cos? (w, t+ to) +3 3 Sint (a t + ao) 
wo w2 1 O% . ; Re 
“.\ ma, t— Ga 008 (at + 90) 3 4— o sin 2 (Wt + do) | sin (w,t + a) 14— 2 Rp +e 
On (= ee at~—sts PD 
Sty [wae t|V '—apeeetto— a] | AH 
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A 3-cm NULL RADIOSPECTROMETER FOR OBSERVATIONS 
OF THE GALACTIC RADIO LINE OF EXCITED HYDROGEN 


V. P. Bibinova, E. V. Borodzich, 
R. L. Sorochenko, and I. V. Shavlovskii* 


Current radio-astronomical problems require ever greater increases in the sensitivity 
of radio-astronomical equipment. A great leap in this direction was achieved when low-noise 
paramagnetic and parametric amplifiers were introduced for radio-astronomical measurement; 
these amplifiers allowed the radiometer noise level to be reduced drastically. For spectral 
measurements, however, a simple reduction of the noise level does not always yield a corre- 
sponding improvement in the actual sensitivity of the radiometer, since the effects of equipment 
instabilities and various "parasitic" phenomena increase abruptly. This compels us to seek 
circuitry which would lower these harmful factors substantially. One of these possibilities was 
examined in [1], where a null radiospectrometer circuit was advanced, Below, we describe a 
radiospectrometer operating at a wavelength of 3.3 cm, which was designed on the basis of this 
circuit and can be used to conduct observations of the spectral radio emission of excited hydro- 
gen. In the spring of 1964, this radiospectrometer [2] detected, for the first time, a cleanly re- 
corded recombination radio line ng, ng) in the Omega nebula. 


1. Basic Operating Principle of the Radiometer 


The block diagram of the radiometer is shown in Fig. 1. As described in [1], the basic 
principle of its operation is based on the joint utilization of two different reception methods: 
the null method of receiving radio emission in the continuous spectrum, and the differential 
method of isolating a spectral line against a noise background having a constant spectral density. 
The radiometer had a broadband amplifier channel AF and an additional gain channel having a 
narrow band Af which is shifted within the band AF when the frequency of the second hetero- 
dyne is retuned. When the antenna is attached to a dummy ("equivalent"), a signal with frequency 
modulation having an amplitude which is proportional to the difference between the antenna and 
dummy temperatures Ta — Tg (these temperatures are averaged over the band AF) is isolated 
at the output of the broadband channel (after detection by the detector D,). After appropriate 
amplification and detection by a synchronous detector, this "error" signal is used to control a 
compensating-noise signal applied to the dummy, as is the practice in radiometers which oper- 
ate according to the null method. 


On the other hand, the noise from the broadband channel, after detection by the detector 
D,, is applied to a balancing cell where it is combined with the noise of the Af band after it has 
been detected by the detector Dy. 


* Deceased, 
119 
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Fig. 1. Block diagram of the null spectral radiospectrometer. 

A) Antenna; D) dummy; C) noise compensator; M) modulator (Switch); 
P) parametric amplifier; AF) broadband channel with a 20-MHz band; 
Af) narrowband channel with a 1-MHz band; H) first heterodyne; RH) 
retuneable second heterodyne; Mx,) first mixer; Mx,) second mixer; 
NG) noise generator; BC) balancing cell; MA) modulation-frequency 
amplifier; SD) synchronous detector; Rar ) recording instrument for 
the AF channel; R Af ) recording instrument for the Af channel, 


When AF > Af and the gain of the Af channel is such that the values of noise 
signal applied to the balancing cell from the two bands are equal when the dummy is 
connected to the receiver input, we will have a signal at the modulation frequency whose 
amplitude is proportional to the difference T, — Tq in the Af band at the output of the cell. 


A singly-tuned degenerate parametric amplifier operating in the 3-cm band [3] is used 

as the rf amplifier of the radiometer. The noise temperature of the radiometer with the para- 
metric amplifier is 425°K with respect to the continuous spectrum. For spectral measurement 
the noise temperature is doubled and equals 850°K due to the well-known peculiarities of a de- 
generate parametric amplifier. The bandwidth of the broadband channel is AF = 20 MHz, and 
the bandwidth of the narrowband channel is Af = 1 MHz. Since the frequency of the first hetero- 
dyne was stabilized by means of a high-Q cavity resonator [3], the radiometer provided a mea- 
surement and reading accuracy of +200 kHz with respect to frequency. 


In order to record the frequencies of the signals received by the Af channel when it was 
tuned over the band, the frequency of the second heterodyne was set at 1 MHz and mixed with 
an array of reference harmonics generated by a calibrating quartz heterodyne. The fre- 
quency markers which were isolated under these conditions were recorded simultaneously 
with the signal. In order to provide for a constant gain over the tuning range, the Af channel 
has a feedback which maintains a constant mean-square noise across the detector D,. 


We will discuss certain specific features of the operation of the null spectral radiometer. 


2. The Null Method and the Operation of the 
Radiometer over a Continuous Spectrum 


We used a ferrite cell, consisting of ferrite operating in a longitudinal field, an absorptive 
plate, a matching plate, and a magnetization coil, as a dummy antenna with a controllable noise 
temperature, All of these elements were mounted in a circular waveguide section; one end of 
the section was coupled with a horn irradiator pointed at the sky, while the other end was at- 
tached to a rectangular waveguide which was coupled to the modulator. Since the absorptive 
plate was oriented parallel to the wide wall of the rectangular waveguide, the radiation from the 
plate did not enter the radiometer at zero magnetization current, and the temperature of the 
dummy was produced solely by the received external radiation Tex. When current was present 
in the coil, the noise temperature of the dummy increased by 


AT, = Tp ysing + Tey cos@ 
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Fig. 2. Block diagram of the servosystem. F) Ferrite; AP) absorptive 

plate; MP) matching plate; MC) magnetization coil; SD) synchronous de- 
tector; R) rheochord; RM) rheochord motor: R,C,) first-derivative feed- 
back circuit. 


24 °K—>| 


Fig. 3. Example of a recording produced by the null radiometer, 


as a result of the rotation of the polarization plane in the ferrite; here T, is the temperature of 
the absorptive rod (the external medium), and ¢ is the rotation angle of the polarization plane 
inthe ferrite and depends onthe magnetizationcurrent. For temperature changes of up to 15-20°K, 
which are usually required in observations, the dependence of ATg on the magnetization current 
was close to linear. Based on the requirements of the radiospectrometer, the entire dummy 
system was carefully matched with a standing wave ratio KCB = 1.15 in a 150-MHz band. In 
order to control the ferrite cell while simultaneously recording the magnetization current, 
whose magnitude uniquely determined the dummy temperature, we used a standard E PP-09 
automatic pen recorder, The error signal isolated across the synchronous detector of the 
radiometer was applied directly to the input of the EPP amplifier, bypassing the bridge circuit; 
the control voltage was obtained from a rheochord supplied from an external de voltage source. 
For such an arrangement of the feedback circuit the changes of antenna temperature caused the 
rheochord slider to move until the change in the ferrite magnetization current produced a cor- 
responding increase or decrease in the dummy temperature (the initial control of the system 
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Fig. 4. Diagram illustrating the operation of a four-arm circulator with 
(1) a matched mode in the fourth arm and with (2) radiation from the 
fourth arm. I, and Tq are the reflection coefficients of the antenna and 
the dummy, respectively. 


for zero current is always established as Ta $ Tg in the absence of a signal from a source of 
cosmic radio emissions). 


A block diagram of the servosystem is shown in Fig, 2. A control-factor value of Q = 100 
was achieved. The oscillatory mode which occurred under these conditions was eliminated by 
introducing a first-derivative feedback circuit, 


For these parameters the radiometer provided very good fluctuational sensitivity. The 
recording of the null line of the radiometer, in the absence of a change in antenna temperature, 
was exceedingly stable over a long period of time. Changes in the gain of the receiver channel! 
and the phase at the synchronous detector output led only to a change in the effective time con- 
stant, since in a null radiometer the relationship Teff = T/Q is valid in accordance with [4], 
where 7 is the time constant for an open feedback circuit. Figure 3 shows an example of a re- 
cording obtained using the null radiometer, 


3. Recording of Spectral Signals 


The operation of the spectral chamnel of the radiometer generally substantiated the theo- 
retical calculations fairly well [1]. With a control factor Q = 100 for the radiometer servosys- 
tem and additional compensation of the continuous-spectrum noise in the balancing cell to an 
accuracy of 10%, the spectral output of the radiometer was sufficiently well protected from in- 
tensity changes which were common to the entire band AF. Because of this, it was possible to 
use a storage time equal to 240°, and to obtain a fluctuational sensitivity of 5T af = 0,08°K, with 
respect to the spectral channel! at a fixed frequency. 


However, in tuning this channel over the band the zero line of the output instrument did 
not remain constant; it shifted by an amount tens of times greater than the quantity 6T af when 
the frequency varied within the limits of the analyzed band (10 MHz). Reduction of this "para- 
sitic modulation" effect, which reduced the actual sensitivity substantially, proved to be the 
most difficult stage in the process of adjusting the spectrometer. According to the analysis car- 
ried out in [1], the parasitic modulation of a null spectral radiometer must be due to three basic 
causes: 


1) Mismatch of the antenna and dummy channels, 
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Fig. 5. Results of observing the spectral line of hydrogen in the Omega nebula. 
a) Spectrogram of Omega (the short vertical lines are frequency markers 
spaced 1 MHz apart, and the long vertical marker is the calculated frequency 
of the spectral line); b) control spectrogram for a diverted antenna — the instru- 
mental profile; c) the results of averaging the spectrograms of Omega and five 
control spectrograms (the large vertical marker represents the calculated fre- 
quency); d) radial velocity of Omega relative to the earth (the solid curve was 
calculated, and the points represent experimental data), 


2) Nonideal response by the servosystem for operation in the continuous spectrum, com- 
bined with a nonuniform gain in the narrowband channel in the AF band, 


3) Changes in the radiometer's frequency response and in the spectrum of the internal 
noise during switching between the antenna and the dummy. 


Considering that the servosystem provided fully adequate control, primary attention was 
devoted to matching the rf channel and providing reliable decoupling between the switch and the 
receiver input. The latter factor is especially essential when a parametric amplifier is used, 
since the reaction of the switch on the amplifier affects both the signal frequency and the pump- 
ing frequency. 


Certain additional causes of parasitic modulation were clarified during the process of 
constructing the radiometer. It became obvious from the results of laboratory tests that the 
noise radiated by the switch itself makes a substantial contribution to this effect. In our switch- 
ing system, which used a four-arm circulator in an alternating magnetic field, the 300-degree 
noise radiation from the fourth arm entered the antenna and dummy channels. Since the match- 
ing of these elements was not ideal, a portion of the noise was reflected and was incident on 
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the receiver input after having been modulated at the switching frequency due to the difference 
between the reflection coefficients, 


In order to reduce this effect, the matched load in the fourth arm of the circulator was 
replaced by an auxiliary horn exciter whose temperature corresponded to 30°K, The overall 
operation of this section is shown in Fig, 4, 


As a result of all the measured adopted, the parasitic modulation was reduced substantial- 
ly, although not eliminated completely. When the radiometer frequency was retuned, the base- 
line output of the spectral channel was straight but had a certain instrumental profile shaped in 
the form of a concave curve. A slight straightening of the concavity was achieved by introduc- 
ing a weak reactance into the auxiliary-horn arm as a compensator, When the slope of the zero 
line at the output of the spectral channel was reduced to 0,1-0.2 deg/MHz, it was agreed that 
the parameters obtained for the radio spectrometer were completely satisfactory for the solu- 
tion of the problem stated; further improvement was not justified by the unavoidable loss of time. 


4. Results of the Observations 


The radiometer described above was used in the Spring of 1964 with a 22-m radio tele- 
scope of the Physics Institute, Academy of Sciences of the USSR, to carry out observations of 
the radio line of excited hydrogen in emission nebulae. According to previous calculations [5], 
we must expect an increase in the spectral density of the received emission by several tenths 
of a degree relative to the antenna temperature of the RT-22 radio telescope in the direction of 
the brightest nebulae, Omega and Orion, in the radiometer tuning range centeredat 8872.5 MHz. 
The method of observation consistedin tracking the nebula with the radiotelescope and simultane- 
ously tuning the frequency of the spectral channel, For comparison and control purposes the 
spectrogram for a diverted antenna, which characterized the instrumental profile, was recorded 
after the spectrogram of the nebula had been recorded. The observations revealed the expected 
radio line in the Omega nebula. The increase in antenna temperature at the frequency of the 
center of the line was 0.65°K. Figure 5 shows the spectrograms of the Omega nebula, the con- 
trol spectrograms, the result of averaging several recordings, and the frequency shift of the ob- 
served brightness increase with time of year due to the orbital motion of the earth. The scien- 
tific results of the observations have been presented in [2]. 


Our observations showed the absolute feasibility and necessity of using the null method 
for the reception of very weak spectral signals. During the process of recording one spectro- 
gram, which took approximately two hours, the level of the received continuous-spectrum noise 
changed by several degrees due to the insufficient accuracy of source tracking by the telescope, 
and more greatly (up to 10°K) due to changes in the received radio emission from the atmosphere. 
Without effective and continuous compensation of the continuous spectrum, the isolation of a 
spectral signal of tenths of degrees Kelvin would be an unsolvable problem under the stipulated 
conditions, 
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DISCRETE DIODE PHASE SHIFTER 
FOR VERY SHORT WAVELENGTHS 


S. N. Ivanov and V. T. Solodkov 


Introduction 


During the last few years semiconductor diodes have been used extensively as switching 
elements in ultrahigh-frequency technology [1]. They have a number of advantages over switches 
of the mechanical or electromagnetic types, namely, small size, high reliability, and the capa- 
bility of providing a good match when switched into a transmission line. These qualities are 
especially important if a switching system must be devised for a large number of directions. 


In the present article a discrete type of diode phase shifter is proposed for the very short 
wavelength range (80-120 MHz) which introduces a discrete time delay to achieve diffraction 
control of the antenna beam for a FIAN DKR-1000 north — south radio telescope. 


1. Discrete Diode Phase Shifter 


The principal requirement of a discrete phase shifter is to provide, with the necessary 
accuracy, a specified time delay and, at the same time, to match the phase shift closely over 
the entire frequency range. For a given discrete step of time delay 7 the attainable accuracy 
for the time delay setting is determined by the frequency dispersion of the particular phase 
shifter stage, which includes a delay line of some length Ty, by the switching diodes, and by the 
blocking elements of the control networks, 


The type RK-103 cable employed as a delay line in the phase shifter has no frequency dis- 
persion, The frequency dispersion due to the blocking elements can be eliminated by a suitable 
choice of parameters in an L-shaped filter. 


When type 1A-501 high-frequency switching diodes are used in the very short wavelength 
range, it is possible to neglect the stray capacitance of the diode housing and the inductance of 
the p—n junction without noticeable distortion of the phase shifter's frequency response, A 
good match can be provided by making the phase shifter design coaxial. 


As has been previously shown, for discrete time delay settings with a discrete step + the 
binary arrangement is the most efficient way of minimizing the number of diodes used in a phase 
shifter (Fig. 1). 


The phase shifter is composed of k stages which provide M — 2* discrete delay values, in- 
cluding tT) = 0, Each stage includes three switching diodes that connect and disconnect the spe- 
cified delay +r,, and blocking elements, The value of the delay rt, for a particular stage n is 
made equal to tr - 2"~!, where 1 is the specified discrete step. The amount of delay inserted 
Tm, Where m can assume the values 0,1, 2,...,M-—1, is equal to the sum of the connected 
delays. 
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Output 


Fig, 2. Schematic circuit of a discrete phase shifter, 


Fig. 3. Construction of the three-stage phase shifter. 
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Fig. 5. Reflection coefficient p as a function of the discrete steps 
T for various frequencies (as indicated by the numbers). 


r / Z I 4 Pa & 7 ¢ 
Fig. 6. Transfer constant (K) as a function of the discrete steps 7 
for various frequencies at input 1 (dashed lines) and input 2 (solid 


lines). 


A schematic circuit of the phase shifter for the DKR-1000 north — south antenna is shown 
in Fig. 2, The differential adder is similar to the circuit in [3], It combines the signals from 
two antennas, one of which is delayed by a time T,,. The switch connects the delay into the re- 
quired branch of the differential adder, The phase shifter has three stages with eight discrete 
values of delay from m = 0 tom = 7, The delays are obtained from type RK-103 cable in dis- 
crete steps of delay 7 = 1 /c, where / is the length of the delay cable in centimeters with the 
curtative coefficient taken into account, and c is the velocity of light. 
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Control voltage is supplied individually to each 
stage, unequivocally assuring the connection or dis- 
connection delay according to the polarity of the con- 
trol voltage on the stage. Type 1A-501E diodes are 
used. The diode current is supplied at 50 mA, thus 
providing an optimum operating condition for the diode. 
The blocking elements are so chosen (Ly = 43 H and 
C = 5000 pF) so that they do not affect the high-fre- 


e ener ropagation constant, 
Scale: 0.5 cm per mm quency BY propag 


The coaxial construction of the phase shifter 


Qt 2 fF &# F 8 7T is advantageous for both the mounting and the her- 
Fig. 7. Electrical length of the cable 1 metic sealingoftheinstrument. An overall view of 
as a function of the discrete steps T. the phase shifter and its control unit is shown in 
Figs. 3 and 4, 


2. Experimental Results 


The discrete diode phase shifter was experimentally checked over the frequency range 
from 30 to 120 MHz for matching at inputs 1 and 2 (Fig. 2). 


As may be seen in Fig. 5, the phase shifter provides a good match over the entire fre- 
quency range for all values of delay t,,. The average value for the modulus of the reflection 
coefficient |p| av = 0.07, 


Figure 6 gives the function for the modulus of the transfer constant |K| = F(f MHz,7). 
From the value of |K| at a frequency of 30 MHz with tT, = 0 it is possible to estimate the trans- 
fer constant of one diode which is approximately [Kg| = 0,96-0.97. The periodicity in the vari- 
ation of |K| = F (7 ,,) is due to the connection of a different number of diodes for the various 
values of delay T,,. The reduction of [k| as the frequency is increased is the result of attenu- 
ation in the delay cable, The difference between the transfer constants for inputs 1 and 2 is due 
to the absence of diodes in one of the branches. 


A measurement of the phase shifter's electrical length as a function of the connected de- 
lay T,, (Fig. 7) shows that the deviation of the measured value of 7,, from the specified value 
is less than 1-2 cm, This corresponds to a maximum phase dispersion at the 120-MHz fre- 
quency of no more than +5° with a standard deviation of +1.7°. 


It should be noted that measurements of the phase shifter's parameters made with diodes 
of other types, particularly types Dll and D311, gave substantially poorer results. 


The transfer constant for type D1l diodes was substantially lower: [Kg]| = 0.9. 
With type D311 diodes the phase shifter's parameters showed a marked dependence on frequency. 


It might be well to point out in conclusion that by virtue of its good high-frequency char- 
acteristics, the discrete type of diode phase shifter can be operated at very short wavelengths, 
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RADIOMETERS WITH 1.6- AND 3.3-cm BAND 
PARAMETRIC AMPLIFIERS FOR THE RT-22 TELESCOPE 


V. P. Bibinova, A. D. Kuz’min, 
M. T. Levchenko, V. 1. Pushkarev, 
A. E. Salomonovich, and I. V. Shavlovskii* 


Radio-astronomical investigations of the planets, discrete sources, and other subjects at 
centimeter wavelengths require radiometric instrumentation of ever-increasing sensitivity. 


As is well known (see [1]), one of the most effective ways of improving radiometer sensi- 
tivity is to reduce the receiver noise temperature, Additional sensitivity can be obtained by ex- 
tending the pre-detector bandwidth of the radiometer. In this connection, a program has been 
started in 1961 at the FIAN Radio Astronomy Station on the improvement of the sensitivity of 
modulation-type radiometers operating in the 3- and 1.6-cm waveband for the RT-22 radio- 
scope by using low-noise parametric amplifiers and a wideband intermediate-frequency ampli- 
fier. 


1. Radiometer Circuits 


The 3-cm radiometer block diagram is shown in Fig. 1. The radiometer uses a reflex 
parametric amplifier with a semiconductor diode and a single resonant circuit. To ensure a 
quasi-degenerate and coherent amplifier operating mode, pumping and heterodyning is accom- 
plished with a single klystron, the pumping frequency Jp» equal to twice the local oscillator fre- 
quency 2/,,, being provided by a frequency doubler, 


Under such conditions, amplification of a noise signal, with a constant spectral density, 
within the amplifier bandwidth takes place at a minimum noise factor in two sidebands of the 
paramagnetic amplifier resonance characteristic, which are located symmetrically with re- 
spect to the local oscillator center frequency. To stabilize the local oscillator and pumping fre- 
quencies, the klystron frequency is passively stabilized by pulling it by means of a high-Q refer- 
ence resonator. The stabilization factor is 15-20 with a power loss of 3-4 dB in the resonator, 


The 1.6-cm radiometer differs from the 3-cm radiometer in that a separate klystron 
oscillator is used for pumping the parametric amplifier. The frequency of this oscillator is 4al- 
so stabilized by an external resonator. 


The two parametric amplifiers are designed in the form of two "lap" joined waveguides. 
The parametric diode is mounted along the line of intersection of the waveguide symmetry 


*Deceased, 
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Fig. 1. Block diagram of the three-centimeter band radiometer, 

DC) Directional coupler; NG) reference noise generator; RA) remote- 
controlled attenuator for setting the quasi-null operating mode; M) 
modulator; C) circulator; PA) parametric amplifier; I) isolator; D) 
frequency doubler; RR) reference resonator for klystron frequency 
stabilization; K) klystron; MX) mixer; IFA) intermediate-frequency 
amplifier; D) detector; MFG) modulation-frequency generator; 

MFA) modulation-frequency amplifier; SD) synchronous detector; 
DCA) direct-current amplifier. 


planes and for tuning can be moved out of the signal waveguide into the pump waveguide, The 
free ends of the waveguides are short-circuited by plungers which also provide an effective 
means for tuning both the pump and signal channels. The parametric amplifier and the fre- 
quency doubler diodes operate with self-bias. The parametric-diode frequency doubler has an 
efficiency of 15% and an output power of 12-15 mW, 


To reduce mutual interference, the parametric amplifier, frequency doubler, and refer- 
ence resonator are decoupled by ferrite isolators. Particular attention has been paid to prevent- 
ing the local oscillator signal from leaking into the radiometer input. To achieve this a ferrite 
isolator providing a decoupling of 60 dB was placed in front of the mixer. 


The high-frequency unit of the radiometer is placed near the principal focal point of the 
RT-22 antenna. To reduce the effect of ambient temperature variation, the parametric amplifier, 
frequency doubler, and input ferrite devices are separated from the heat-producing units (kly- 
stron and intermediate-frequency amplifier) and mounted in a special temperature-stabilized 
housing. Dielectric waveguides are used to couple these units to the waveguide channel, 


Both radiometers are of the modulation type. Pattern modulation is used to reduce the ef- 
fect of background radio-frequency radiation from the sky, earth, and surrounding objects; an 
auxiliary horn positioned near the antenna focal point serves as a dummy. 


The radiometers are calibrated with the aid of gas-discharge noise sources connected 
through directional couplers (0 dB) in the dummy channel. 


The 3-cm radiometer operates in a quasi-null mode, i.e., with equal noise radiation ap- 
plied to the modulator input through the signal and dummy channels, The latter is accomplished 
by including a special attenuator in the dummy channel, The attenuator is remote controlled for 
setting the quasi-null operating mode. 
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2. Basic Radiometer Characteristics 
a 
The effective noise temperature of a receiver using a high-frequency amplifier is given 
by the well-known expression (see [1]): 
Pa = (Le 1) To + LeTpa + Ge U(Le— 1) Po + Les). 


Here, L! is the loss in the channel between antenna and parametric amplifier, Lt is the loss in 
the channel between the parametric amplifier and mixer, T,) is the ambient temperature, Toa is 
the noise temperature of the parametric amplifier , Gpa is the parametric amplifier gain, and 
T, is the noise temperature of the mixer receiver. 


Taking into account that in the two-band operating mode 


Tr =+(Fr—1) 1, 


where the mixer-receiver noise factor is 
F, = L(Fifa + tn — 1), 
and substituting the following parameters obtained for the 3-cm radiometer: 


Le =1.2 (0.84B), Le=1.3 (1.148), 
Toa = 150° K, Gpg = 15.8 (12 4B), 
= 4, Fitg = 3.2, tn = 1.7, 


we get Tp = 425°K, With an intermediate-frequency amplifier bandwidth Af = 60 MHz, this 
corresponds to a theoretical noise sensitivity 6T = 0.09°K at + = 1 sec. 


For the 1.6-cm waveband: 


Le = Le = 1.2(0.8 4B), Ty, = 200°K, 
Goa =12 4B, Tr = 3000°K, 


so that Ty) 
0.2°K at T 


850°K, For Af = 56 MHz, this corresponds to a theoretical noise sensitivity 6T = 
1 sec. 


The measured noise sensitivity of the radiometers has been found as 0,12 and 0.3°K for 
T= 1 sec at A = 3.3 and 1.6 cm, respectively, i.e., somewhat less than the theoretical values. 


Prolonged operation (since 1962) proved that the 3-cm radiometer operates reliably under 
various weather and seasonal conditions. Relative changes in the radiometer gain in the case 
of prolonged (6-8 h) continuous operation were on the average 10~* per operating hour. The 
overall operating time of the radiometer between preventive maintenance checkups and tune- 
ups was about 1500 h, 


The use of parametric amplifier radiometers with the RT-22 radio telescope allowed sys- 
tematic observations of radio emission from Venus [2,3] and some other discrete sources, in- 
cluding those exhibiting an anomalous frequency dependence of their flux density (sources 3C 84, 
3C 273, 3C279) [4]. The described radiometer has been used also for determining the precise 
polarization characteristics of the Taurus A source [5]. 


High sensitivity of the radiometer made it possible to employ the radio-guidance method 
using the 3-cm signal of discrete sources, with simultaneous analysis of their radio emission 
in the millimeter waveband. The radio emissions of the Orionand Omega nebulae [6] and the radio 


132 V. P. BIBINOVA ET AL. 


brightness of the Taurus A source were measured in this manner, The 3-cm radiometer served 
as a basis for the design of a spectral radiometer which helped to detect the spectral emission 
lines of excited hydrogen [7]. 


The 1.6-cm radiometer is less reliable but still enabled us to obtain valuable data on 

radio emission from Venus [3] and other discrete sources. 
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PARAMETRIC AMPLIFIER FOR RADIO-ASTRONOMICAL 
INVESTIGATIONS AT 21cm 


I. I. Berulis, B. Z. Kanevskii, 
E. A. Spangenberg, and I. A. Strukov 


Advances in the development of spectral investigations of cosmic radio emission are de- 
termined to a large extent by the possibilities of increasing the sensitivity of radio-astronomi- 
cal equipment, One of the basic methods of increasing the sensitivity is the use of low-noise 
parametric amplifiers PA for preamplification at high frequencies. Despite the fact that quan- 
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Fig, 1. Block diagram of the radiometer with the parametric amplifier. 
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Fig. 2. Amplification factor as a func- 
tion of the pumping power, 
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Fig, 3. Amplitude — frequency charac- 
teristic of the PA, 


tum paramagnetic amplifiers ensure a lower noise 
temperature and are successfully used for observa- 
tions at 21 cm [1, 2], the complexity of their opera- 


_ tion in some cases makes it preferable (for long- 


term programs of observations of the distribution 
of neutral hydrogen in the galaxy) to use PA. 


For this purpose, a PA was installed in the 
21-cm spectral radiometer of,the 22-m radio tele- 
scope of the Physics Institute of the Academy of 
Sciences of the USSR [3] in the beginning of 1966. 
The overall block diagram of the spectral radiom- 
eter with the PA is presented in Fig. 1. Itis a 
modulation-type superheterodyne receiver with 
triple frequency conversion and smooth variation 
of the frequency in the second heterodyne, The 
modulation is accomplished by switching the input 
of the receiver from the antenna to an equivalent 
with the effective temperatures of the two equalized 
before the observations. In the radiometer the PA 
is connected to the circuit in the reflex scheme 
with the use of two ferrite circulators having losses 
in one arm equal to 0.3 dB. The remaining part of 
the radiometer is the radiospectrometer prepared 
for observations without the high-frequency ampli- 
fier [4], 


1. Parametric Amplifier 


In the analysis [5] of the noise character- 
istics and the stability of operation of a PA for the 
decimeter range, a current mode was used for a 
21-cm PA in which a high degree of modulation 


and better stability were achieved. This mode utilizes the buildup of minority carriers in the 


base of the diode. 


An examination of pumping in the direct branch of the volt—ampere characteristic of the 
diode showed a diffusion conductance with capacitive and active components, along with the charge 
capacitance, In certain types of diffusion parametric diodes, a field exists in the diode base 
that is caused by a nonuniform distribution of the impurities, The presence of this field leads 
to the capacitive component of the conductance becoming more active, which enables one to use 
this conductance for parametric frequency conversion, 


The noise temperature of the amplifier, for the operation of the diode in the current mode, 

is 100-150°K (for G = 10-15 dB). With the use of diodes operating with negative bias voltage, 

it is theoretically possible to obtain a noise temperature of the order of 30-50°K in the PA. 
However, the current mode permits a significant increase in the stability of the amplificatjon 
factor with drifts of the pumping power and, hence, with the drift of the frequency of the pump- 
ing oscillator, Thus, for an amplification factor of 15 dB, the drift of pumping power by 1 dB 
leads to a drift of the amplification by 6 dB in the case of the ordinary mode but only by 2 dB 

in the current mode (Fig. 2). Besides, the use of the current mode results in the very simple 
construction of a wideband amplifier (10-15% band pass) with a minimum number of elements 


needing fine adjustment. 
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— 


Fig. 4, Block diagram of the equip- 
ment for measuring noise tempera- 
ture of the PA, 


A coaxial stub of length A/4 corresponding to 
the no-load frequency is placed in the amplifier after 
the diode; the stub represents an inductance at the sig- 
nal frequency. The pumping power is fed to the diode 
through a waveguide formed by the extension of ground- 
ed plates. The pumping waveguideis beyond critical for 
the no-load frequency. The no-load circuit is formed only 
by the elements of the frame of the diode, since inthe cur- 
rent mode the capacitance of the p—n junction C, is ap- 
preciably larger than the capacitance of the diode socket; 
therefore, the resonant frequency of the no-load circuit 
is determined mainly by the parasitic parameters Ly, 
and C, of the diode frame, The no-load circuit can be 
tuned over small ranges by including a small fine-tuning 
capacitor in parallel with the capacitance of the frame. 


The signal circuit is formed by the capacitance of 
the p—n junction, the inductances of the stub after the 
diode, and the segment of the high-frequency line in- 
cluded between the diode and the collectors. The main 
characteristics of the PA are; input frequency f,, 


1420, 405 MHz; capacitance of the p—n junction Cy, 0.22 + 0.04 nF; noise temperature Ty, 
120° K; amplification factor Gp, , 12 dB; and consumable pumping power Pp, <5 mW. 


The amplitude — frequency characteristic of the PA is shown in Fig. 3. It should be men- 
tioned that because of the narrow band characteristics of the decoupling devices the PA was 
specially tuned to a small band. The use of the current mode in the decimeter range enables 
one to obtain a 10-15% band pass without additional compensating circuits in the presence of 


wide-band couplings. 


2. Noise Measurements 


The sensitivity of a radiometer is mainly determined by the fluctuation of internal noises 


and the instability of the amplification factor. The fluctuational sensitivity caused by internal 
noises, is determined by the relation 
Ih 

1 
V Aft 3 ( ) 


where T, is the overall noise temperature of the system, Af is the band pass of the receiver, 
and 7 is the time constant, 


IU 


In the presence of fluctuations of the amplification factor G, the sensitivity is lowered by 
an amount determined by the relation 


ATg = (r—1)(|7a— Tel), (2) 


where y = 1 + (AG/G) is the coefficient of fluctuations of amplification, T, is the antenna noise 
temperature, and Te is the noise temperature of the equivalent, 


A well-matched load cooled to the temperature of liquid nitrogen was used as the equiva- 
lent, The noise temperature of the equivalent together with the connecting feeder, was 90°K; 
according to the measurements made, Tg was 43°K, In order to obtain maximum sensitivity 
[according to (2) it is necessary to equalize Ta and Te] additional noises were introduced in the 
channel, The noise temperatures of the antenna and the equivalent were successfully balanced 


136 I, I. BERULIS ET AL, 


°K °K 


4h 


Fig. 5. A record characterizing the stability of the radiometer with the 
PA in continuous spectrum (time constant, 1 sec). 


to within 1.5°K, As a result, the actual sensitivity of the radiometer can be written as 


The overall noise temperature of the entire radiometer system with the PA is determined by 
the expression 


4 | T. 

Ty =Tat+7|Pol—a) + ta +z]. (4) 
PA 

where Tp, is the noise temperature of the PA; T, is the noise temperature of the radiometer 

without the PA; q is the transfer coefficient of the channel up to the PA; and Gp, is the amplifi- 

cation factor of the PA, 


The noise temperature of the radiometer with the PA was measured with the use of two 
noise equivalents consisting of well-matched loads [voltage standing wave ratio (vswr) = 1.04]; 
one of these was kept at room temperature (Tyroom = 273°K + tC), the other was cooled to the 
temperature of liquid nitrogen (T¢991 = 77.3°K). The block diagram of the arrangement for the 
noise measurements is presented in Fig. 4. 


The noise powers from the two loads were alternately connected to the circulator system 
and were amplified by the PA and the second cascade of amplification, A radiometer with the 
noise temperature T; = 1500°K was used as the second cascade. A precision attenuator con- 
nected before the detector made it possible to obtain the same level of power at the output of 
the receiver. 


The difference of the attenuator readings, corresponding to the ratio of the noise powers N 
is related to the total noise temperature of the two amplifiers connected in series, by the simple 
relation 


bd 


T _ Toor _ NT,901 


n.S ~~ N—1 ’ (5) 
where 
r, 
Ins =1Tpa + Gpa 
Equation (5) is conveniently represented in the form 


Tyo0m~ NI, 
La = 


N—1 


ool , 
Cpa, 
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Fig. 6. Record of the radio source Virgo A in the continuous spectrum 
(a) with and (b) without the PA, 


ac = 18" 50 508 
I= 0992/18" 
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Fig. 7. Record of the profile of the emission line of neutral hydrogen 
(frequency marks at 10-kHz intervals), 


As a result of successive measurements the noise temperature of the PA was determined 
for different values of its amplification factor. The optimum parameters of the PA, for which 
AT, becomes minimum, were found to be as follows: Tp, = 120°K, Gp, = 12 dB, and Af = 32 
MHz, In the measurements of Tpa and Gpa, the linearity of the system after the PA was 
checked. Also, inview of the use of wideband loads, the entire system was tested for interference 
stability. The transfer factor of the high-frequency circuit up to the PA was determined by the 
losses in the modulator, circulators, and the connecting feeder lines (qq = 0.82). Substituting the 
values of T,,4, Tpa, and T;/Gpa in Eq. (4), we get T, = 420°K, which is in good agreement 
with the measured data, The total amount of error in the measurements did not exceed 5°K, 


The long-period stability of the amplifier was investigated before carrying out observa- 


tions, A typical record of the output signal during a period of 4h is presented in Fig. 5 for an 
amplification factor of 12 dB. 


From a large number of measurements of the stability of the PA at Gp, = 12 dB the maxi- 
mum drift of the amplification factor over a long period (of the order of 8 h) was found to be 


0.5 dB. The main source of the slow instabilities was the variation in the pumping power. The 
frequency of the pumping power was stabilized. 
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The PA was not regulated in the process of operation, At a noise temperature of.420°K 
for the entire system the fluctuational sensitivity for measurements in the continuous spectrum 
(rT = 1 sec and Af = 7 MHz) corresponded to 0,25°K and for observations in the radio line (T = 
30 sec, Af = 20 kHz), it was equal to AT, = 0,84°K, which is in good agreement with the com- 
puted data, Examples of records in the radio line and in the continuous spectrum are shown in 
Figs. 6 and 7. A record of the radio emission of the discrete source Virgo A with coordinates 
a = 1229™ 995 , O = 12°34'32" (1966.5) in the continuous spectrum, taken with and without the 
parametric amplifier, is shown in Fig, 6. It is seen from Fig. 6 that the sensitivity of the 
radiometer with the PA increased by a factor of 3.6 compared to the radiometer without the PA. 
An example of the record of the radio line is presented in Fig. 7. The intensity of the received 
radio emission in the observations was calibrated against a noise generator whose power was 


introduced into the antenna circuit through a directional coupler. 


The preliminary investigations of the radio emission of neutral hydrogen showed that the 
radiometer has a high sensitivity in the narrow band of reception and permits the separation of 
fine details in the form of lines, which had not been noted earlier; it also makes it possible to 
study in detail the distribution of hydrogen in the galaxy, 


The authors express their gratitude to R. L. Sorochenko and V. S, Etkin for discussion 
of the obtained results. 
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DETERMINATION OF THE ORIENTATION OF 
THE ELECTRIC AXIS FOR THE EAST—WEST ARRAY 
OF THE DKR-1000 CRUCIFORM RADIO TELESCOPE 
BY STATISTICAL REDUCTION OF OBSERVATIONS 

OF MANY DISCRETE SOURCES 


V.V. Vitkevich and V. N. Kozhukhov 


1. Developments in radio astronomy, and in particular the discovery of numerous dis- 
crete radio sources in the sky, have opened up new potentialities for investigating antenna sys- 
tems. If the parameters of a source are known, it becomes possible to determine the effective 
area of an antenna and to study radio reception diagrams, including the magnitude and direction 
of the side lobes, by utilizing discrete sources as natural "radio transmitters" over a wide fre- 
quency range. As the antenna size increases and the far-field pattern becomes located at 
greater distances, this method becomes evenmore advantageous, because local oscillators must 
be placed at an excessive distance if they areusedtoplot the patterns of large antennas, render- 
ing the work much more difficult and expensive. 


Until recently the method most often employed was based on the use of individual, well- 
studied discrete sources of maximum intensity (see, for example, Kuz'min and Salomonovich 
[1]). A difficulty arises here in that we cannot change the coordinates of the sources; they are 
not always located where they are needed, and they are few in number. 


An alternative possibility would be to use a large number of sources for alignment pur- 
poses and to derive the mean values of the required parameters from observations, The inade- 
quacy of the information available on each source involved in such a program (the low accuracy 
in the determination of the flux densities and in establishing the coordinates and angular diam- 
eters) is compensated by the large number of sources, enabling an average to be taken over a 
substantial number of observations. 


We have taken advantage of this possibility to determine the orientation of the east — west 
array of the wide-band DKR-1000 cruciform radio telescope, This array forms a parabolic 
cylinder measuring 40 x 1008 m with capability for rotation in altitude [2]. According to geo- 
detic data its azimuth agrees accurately with the south direction, but its west side has been 
raised by a 30-min angle above its east side due to terrain conditions, 


The basic material for securing the necessary data was the first series of observations 
carried out for the purpose of compiling a catalog of discrete radio sources at the 3.5-m wave- 
length [3]. 
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Fig. 1. Difference between the actual transit time of radio sources 
through the antenna beam and their right ascension (At = s— q) as 
a function of the declination 6. The symbols designate the sources 
from which the orientation of the east— west array of the DKR-1000 
was determined; the solid curve is based on the computed parameters, 


2, The observational data for each source were used to determine the sidereal time s of 
its culmination; the quantity At = s — a@ was found (a is the right ascension) and a graph was 
drawn for the dependence of At on the declination 6. If errors of all kinds were absent, At 
would be equal to zero; that is, all the sources would simply fall along a line in the graph coin- 
ciding with the axis of abscissas. 


Figure 1 illustrates the results of the reduction that was made, It differs from the ideal 
case we have described in two respects. In the first place, the curves do not coincide with the 
axis of abscissas (that is, At = 0); there is a systematic deviation, depending on declination, 
because the east— west array of the DKR-1000 is not oriented exactly along the east — west 
line, and moreover is inclined, Secondly, the points exhibit a certain amount of scatter in the 
graph. Two groups of errors are responsible for the scatter. The first group includes system- 
atic errors relative to a given source, that is, possible errors in the coordinates of the source, 
and the effect of confusion of the main lobe resulting from the presence of another more or less 
strong source in the immediate vicinity of the source under study. When many sources are ob- 
served, however, these errors make no systematic contribution to the results. The second 
group consists of purely random errors, which should disappear if a sufficiently large number 
of records are averaged. These include errors of measurement, the influence of the ionosphere, 
the effects of confusion from the side lobes (as will occur if a strong source falls within one of 
the side lobes and if the lobe is unstable), and mismatch in the phases of the antenna arrays. 


The rather extensive observational material obtained through the analysis has enabled 
the inclination and azimuth of the east — west array of the DKR-1000 to be determined, The in- 
fluence of the inclination on the transit time of a source is expressed by the relation 


(At) = TS (1) 


cos § 


where z is the zenith distance and 6 is the declination of the source; a represents the inclina- 
tion of the array expressed in the same units as the quantity At. 
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Correspondingly, the influence of the azimuth is expressed by the relation 


(At), = 2Sin2 (2) 


cos§ ’ 


where 6 is the deviation of the east — west array from the true east — west direction, Combin- 
ing Eqs. (1) and (2), we have 


b 
At = (At), + (At), = a c08 4 bsinz 


cos § 


or 


__ cos§ 
a -+ btanz = —— At. (3) 


The method of least squares may then be used to determine the values of a and b of interest to 
us. For this purpose we have utilized 131 sources observed during the period from March to 
May, 1965, The results of the computations have yielded the following values: 


a = 29'10" + 34” (west end higher), 
b = 24” + 43” (west end deflected toward south). 


The curve shown in Fig. 1 is a reference curve for computing the values of a and b. 


The deviation of the observational data from the theoretical curve amounts to = 10°. In 
view of the fact that the values of At fluctuate from day to day for the same source over a range 
of about 30° while the maximum number of records averaged for a single source is 10, the rms 
deviation on the diagram should be about 10°; thus all the sources fall within the range of ran- 
dom error. Consequently, there is no reason to believe that the first group of errors (inaccu- 
racies in the coordinates and the confusion effect) are of significance at wavelength A = 3.5 m 
for the sources we have used. 
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RADIO INTERFEROMETRY WITH RADIO-RELAY LINKS 


V.V. Balinov and V. V. Vitkevich 


Introduction 


Instrumental resolution has been a primary consideration since the first steps taken in 
the development of radio astronomy. Soon after the first radio-frequency observations, it be- 
came clear that a simple increase in the size of the radio telescopes was not feasible. Radio 
interferometry appeared, Later, methods were developed for studying the radio brightness of 
sources during lunar occultation. In recent years, there have been studies of the size of radio 
sources by means of the flickering due to inhomogeneities in the interplanetary plasma [1]. 


One of the most important of these approaches has been that of radio interferometry. 
This method has constantly been improved during the whole development of radio astronomy, 
and has been used successfully in the USSR and in other countries. In particular, during the 
initial developmental period of radio astronomy, it was used to a large extent in the Lebedev 
Physics Institute for various studies [2, 3]. 


During the initial discussions of the design of a cruciform radio telescope, attention was 
called to its possible use as one antenna of a radio interferometer [4]. However, simple calcu- 
lations showed that the design of radio interferometers with signal interference ran into great 
difficulties at base lines of a few kilometers or more, because of energy channeling losses 
along the cables, It therefore became necessary to design the radio interferometer with radio- 
relay links, i.e., with radio (wireless) transmission of the signals. 


To our knowledge, the first such radio interferometer was constructed in England at the 
radio-astronomy observatory at Jodrell Bank [5]. Its basic circuit consists of two radio-fre- 
quency antennas connected to the summation point by radio links. The summation point can be 
at one of the antennas, 


One of the simplest systems would seem to be that in which the high-frequency (hf) work- 
ing signal from the antenna was amplified and transmitted to the summation point. But such a 
system is essentially useless because the transmitted signal must be thoroughly decoupled 
from the telescope antenna, A calculation shows, for example, that for meter wavelengths 
(A * 3 m), an antenna separation of only 5 km, and a relay antenna of area A = 30 m? operating 
under line-of-sight conditions, the decoupling must be around 107° in power; in practice, such 
a decoupling is extremely difficult to achieve. For longer relay distances, this difficulty in- 
creases significantly; so this system has not been used, Interferometers with radio-relay links 
have been used, 


We discuss below the general theoretical bases of the operation of an interferometer with 
radio-relay links and present some data on tests of such an interferometer at the Radio- 
Astronomy Station of the Lebedev Physics Institute, at Pushchino. 
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/ y 1. The Radio Interferometer 


/ / 
i 4 / and the Necessity for Time Delay 


/ | 4 
Re / LZ / Let us consider the interferometer circuit 
| | . . ° 
/ / and the parameters which govern its operation 
i yy al’ (Fig. 1). We denote by y, and %, the emf phases 
hy ; at the summation point. The phase difference for 
’ £ ‘, the waves coming from A, and A, is evidently 
equal to 


Fig. 1. Interferometer with different path > — Wp, = kd = 2n (Ls —L,— Dein? 
A 
lengths. 
where d = y(Z.—1,) — Dsingis the difference in 
path lengths taking into account spatial retardation; 
y =A/dc = V/Ve = k./k is the shortening factor in the cable; and L, = 1¢/Ac = YI-/A is the 
electrical length of the cable in units of Ac. 


After a quadratic detector and an integration circuit with a time constant 7, an interfer- 
ence envelope corresponding to the high frequency w is extracted: 


P = [cos wt + cos (wt — kd)}? = 1 + coskd. 
The lobe maximum (that of the so-called n-th lobe) is given by the obvious relation 
kd = 2nn 
or 


L, -14— pene n 


The lobe width (between maxima and minima) is 


r 


Ag ~ Decos@ ° 


The narrowest lobe thus has a width of Ag = A/D. This lobe is normal to the interferometer 
axis (gp = 0). For a given interferometer, the narrowest lobe has an index 


Nowxg = Le —_ ly = AL, 


An expression was given earlier for P(g) in the case of a monochromatic signal. How- 
ever, reception always occurs in a finite band Aw, leading to "smearing" of the interference 
pattern [2], In this case we have, for a "rectangular" band Aw 


P=1+ Meocoskd, 


where 
| (x Aw ( Ao \ 
M sin | Ss) sin( xn } 
~~ kd Aw _ Aw 
“2 -@ mo 


is the modulation of the interference pattern near the n-th lobe. 
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It is easy to find the lobe index corresponding to M = 2/n = 0.6: 
Nog = 0.55. 


Similarly, for a Gaussian band, we have 


and 
No.6 = 0.15 — 


It follows from these last expressions that the lobe with the maximum modulation of M=1 
has the index n = 0, i.e., it corresponds to equality of the electrical path lengths in relation to 
"spatial" path length: 


D sin Qn 


L, = Ly + ny 


But in order that this lobe be the narrowest, we must have g = 0 for it. We can satisfy these 
two conditions if the following equality holds: 


This requirement of equal path length also involves the necessity for signal delay (in the first 
path, if L, > Ly). 


In practice, the whole relay link may be in one of the paths (e.g., in L,), and thus we 
would have L, >L,. To equalize these path lengths, additional delay must be inserted in the L, 
path, If we denote this delay by Lg, we can satisfy the two above conditions if 


La= lk, — Li. 


The quantity Lg is close to L, in order of magnitude if the radio link makes the fundamental 
contribution to Ly. We can evaluate the permissible error in Lg by equating M = Mypin = 0.6, 
i.e., by setting the modulation of the interference pattern equal to 0.6. 


Evidently, we have 


and a = 0.5 for a rectangular frequency characteristic or @ = 0,15 for a Gaussian one. 


If w/Aw * 10°, the permissible error AL becomes a few tens of wavelengths. 


2. Delay in the Intermediate-Frequency Circuit 


Insertion of a delay line meets greater difficulties at high frequencies than at the inter- 
mediate frequency. Therefore, we will consider the characteristics of a second type of inter- 
ferometer (Fig. 2). The phase difference at the summation point is 


be — hy = hd — kilg= k(d — 1g) + hla, 


where 


d=1,—1,— Dsing. 
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Here J, denotes the "electrical equivalent" of 
the actual length of the delay cable; k, kp, and k; are 
the wave numbers in free space of the working fre- 
quency, the beat frequency, and the intermediate fre- 
quency; kj = k—k,. 


The power at the input to the integrating circuit 
for a monochromatic signal is 


. Paxil kd — kjl 
Fig. 2. Interferometer with a delay +r cos ( iba) 


in the intermediate-frequency circuit. or 
P=~1-+ cos [kj (d — lg) + yd]. 
For the noise signal in a rectangular frequency band Aw, we have 
Paw = 1+ M cos [k (d — lg) + Ay), 


and 


k (d —1,) Aw 
is nl ar 
M = ——_—_ . 
k@—T) do 
2 w 


The position of the n-th lobe (the angle g,) is given by 
kd —k,ly = 2an, 
The width of the lobe "between zeros" is 


r 


Ag = D cos @ 


From these expressions it is easy to find the instability in the lobe control due to the insta- 
bility of the beat-frequency oscillator (with Aw © 0 and for k; = const): 


59 (0%) __ ad 8h 
Aq® rN Ap ° 
A "minimum" lobe is one of minimum width (for it we always have g = 0); a "cophasal" 
lobe is one which corresponds to equal electrical path lengths to the summation point (or it we 
always have n = 0); an "optimum" lobe is one for which M is at a maximum (for a point source, 
we have M = 1); and a "stable" lobe is one whose position is independent of the instability in 
the beat frequency. 


We can determine the conditions under which a given interference lobe would have these 
properties, 


For an interferometer having equal path lengths in the intermediate-frequency circuit, 
one lobe will be at once cophasal, optimum, and stable. By varying the delay at the high fre- 
quency, one can send the lobe in any direction (including the direction g = 0, i.e., one can make 
it minimum). 


For an interferometer having a delay in the intermediate-frequency circuit compensating 
the high-frequency delay time, the pattern changes. The properties listed now will generally 
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belong to different lobes. Actually, the direction gis 
determined in the following manner: for the minimum 
lobe, we have g = 0, as usual; for the cophasal lobe, we 
have Dsing = l, — 1, — (kj/k) lg; for the optimum lobe 
we find Dsing = 1, — l, — lg from the obvious require- 
ment that the phase be independent of k; at M = 1; and 
for the stable lobe, we find Dsin g = 1, — 1, from the 
obvious requirement that the phase be independent of kp 
(at ki = const). We can then find the delay /, for a 
given g: for a cophasal lobe, 2g = (k/k;)d, and for an 
optimum lobe, 1g = d. The magnitude of the delay does 
not affect the directions of the minimum and stable lobes. 


Fig, 3. Interferometer with double 
frequency conversion with delays 
ly and lg. 


We can draw certain conclusions. Starting from 
the requirement of an optimum lobe (i.e., for which 
M = 1), we find the delay time in the cable paths should 
be 


d 
Ly —= d OT Tusec —= 300 3 


and with the auxiliary condition g = 0 (for a minimum lobe), we have d = J, — l,, Accordingly, 
it is not the difference in electrical path lengths of the interferometer which must be compen- 
sated but the time taken for the signal to travel along them. 


The delay in the intermediate-frequency circuit does not affect the stability of the lobe 
position in space (which is sensitive to the instability of the beat frequency); as before, this 


stability is given by =—77- However, for greater values of d, upper limits are imposed 
Cc 


on AA,/A, for an interferometer with radio-relay links, For example, with d ~ 30 km and 

A #3 m, we have 6A,/Ayp * 10°® for a permissible instability of 6¢/Ag = 1%. It is seen that 
for this interferometer circuit, the conditions for cophasal and optimum lobes are mutually 
exclusive. 


We describe below a new step in the development of this system, with two converters, for 
which the two conditions mentioned may coincide. 


Figure 3 shows a block diagram of this interferometer. The phase difference at the sum- 
mation point is 


bo — tp, = hd —hilgt ky ky. 
The position of the n-th lobe is given by 
kd —kjl + kj lg=2nn 
or (since k, = kp + Kt andk=k, +k,=k, + Kr +k!) 
ky (d — Ig t+ ly + kb(d — 1g + Ad = 2an. 


The conditions for cophasal and optimum lobes follow: for a cophasal lobe, we have ki(d— 1g + 
la) + ki (d— 24) + k,d = 0; for an optimum lobe, we have d— 1g + lg = 0. This system of two 


unknowns (i, and J} ) is evidently consistent and has the solutions 
ky , 
kp 


The possibility of a solution of this problem has thus been established. 
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Fig. 4. Block diagram of the radio-interferometer model with 
radio-relay links used at the Radio-Astronomy Station of the 
Lebedev Physics Institute. 


3. The Radio-Relay Interferometer of the 
Radio-Astronomy Station of the Lebedev 
Physics Institute (at Pushchino) 


We can discuss some practical aspects of the design of an interferometer with radio-relay 
links on the basis of an experimental model. 


Figure 4 shows a block diagram of the interferometer which was used. The working fre- 
quency was f = 86 MHz and the beat frequency was 2000 MHz. The apparatus at the outlying 
point (at Aladino) consists of an amplifier having a voltage gain of k = 10’ and a converter 
(mixer and power oscillator based on GS-90B vacuum tubes) in the transmitting unit of a 
"Strela-M" radio communications system, 


The apparatus at the central point (district DKR-1000) consists of a converter (a double- 
loop coaxial crystal mixer tuned to the relay frequency /, of the beat frequency /}) anda 
standard radio-astronomy receiver of the compensation or modulation-correlation type. The 
base line is of the order of 5000 m to the southeast of DKR-1000, 


The outlying antenna is a cophasal curtain array with an area A ~ 10 m’, The relay 
antennas are 4-m paraboloids, on a 30-m tower at the putlying point and at a height of 3 m at 
the central point. 


Control recordings were made of sources in 1961 with a similar interferometer, but with 
a base line of 500 m. The base line was increased to 5000 m around 1964, We will discuss 
some aspects of the operation of this system. 


Requirement of High Gain with a Power Output at the Frequency f/f. 
The converter at the outlying point furnishes a nominal power of 2 W at the frequency /, = 
fb — Jf with an input to the mixer of the order of 1 W at f = 86 MHz, For efficient use of the 
nominal converter power, it is evidently necessary to provide noise amplification at the high 
frequency of f = 86 MHz ina band Af = 0.5 MHz with an output power of 1 W and a gain near 
10’, Taking into account the fact that a radio-astronomy antenna is connected to the amplifier 
input, one can clearly see the technical complexity of eliminating positive feedback, This prob- 
lem was overcome in the following manner. The necessary amplification was provided by three 
amplifiers having independent power supplies; one of these amplifiers was placed near the 
antenna, about 100 m from the converter, 
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With an amplifier having a gain of k ~ 10’ at 
the outlying point, a "forward-amplification re- 
ceiver" could be set up for controlled reception of 
the sources at the radio-astronomy antenna of the 
outlying point, 


Fig. 5. Circuit with double frequency Achieving Channeling of the Beat- 
conversion, Frequency Power at the Converter Out- 
put. (Outlying Point). (The "Strela" trans- 


mitting unit (used as amplifier and converter) has no provision for transmission at frequencies 
other than 86 MHz. However, the band width of the transmitter output circuit is about 20 MHz, 
which is sufficiently wide that a proper tuning of this circuit will allow passage (although with 
some attenuation) of both f, and f,; here f, — f, = 86 MHz. 


Achieving Power Channeling from the Converter to the Relay 
Antenna at the Outlying Point. The relay antennas must be placed a few meters 
above ground in order to reduce losses during transmission. The large size of the transmit- 
ting apparatus and the primary use conditions were such that the apparatus could not be placed 
in the immediate vicinity of the antenna. Connecting the antenna with the transmitter leads to 
a large power loss in the connecting cable, The actual power loss at the beat frequency of 
2000 MHz in the cables used was about 0.11 dB/m in the RKK 5/18 and about 0.41 dB/m in the 
RK-3 cable. 


At the 30-m Aladino tower, the cable length was 40 m of RKK and 9 m of RK-3. The 
losses were 4,4 and 3.7 dB — about 8.1 dB in all. 


The loss could be reduced by replacing the cable with periscopic antennas, which are 
widely used in radio communications, 


The f, + f Conversion at Low Power Levels of the Relayed Signal 
and of the Beat Oscillator at the Central Point. Normal operation of the 
crystal mixer is usually set by the beat-frequency power, P, = 500 pW; the transfer coeffi- 
cient is about 0.1. In our case, the beat oscillator was at the outlying point and, as measure- 
ments showed, the power Py (and also P,) at the input of the central-point converter was of the 
order of a fraction of a microwatt, Calculations and experiments carried out to determine the 
power at the output of the crystal mixer showed that the transfer coefficient decreased to a 
magnitude of the order of 1074 in our case. 


There are two possibilities for providing normal operation of the crystal mixer. 


1) Use of a centimeter-range amplifier at the converter input. This is a trivial possi- 
bility, and can be evidently realized only with some difficulty. 


2) Use of a circuit* with double conversion and use of a local beat oscillator, Figure 5 
shows the circuit. 


It is apparently convenient to set I, < I, < f,. Then we have f) — f,and f, — fy 
smaller than f, — f, = f = 86 MHz. 


On the whole, this circuit permitted the study of several features of the operation of an 
experimental model of a radio-relay interferometer and the preparation for a new system free 
of the former's shortcomings. The paper by G. I. Dobysh, included in this collection, is de- 
voted to a description of this system. 


* Proposed by V. V. Vitkevich. 
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4. The Radio-Relay Interferometer 


as a Broadband Interferometer 
$n ee ke ee Ometer 


The width of an interferometer lobe is governed by the ratio A /D cos gy. The resolution 
of the lobe envelope usually coincides with the resolution with the larger of the antennas, 


When the frequency band of the radiation used is broadened, however, a "Smearing" of the 
lobes far from the "zero" lobe occurs; the broader the band A jf, the greater the smearing. This 
is, in a certain sense, equivalent to a contraction of the lobe envelope. In this manner we ob- 
tain a new possibility for increasing the resolution, as was discussed first in [6], 


Let us evaluate the equivalence in the ratio of the resolution of the lobe envelope of a 
broadband interferometer with a long base line and a standard antenna of size Dg. We restrict 
ourselves to the case of a Gaussian band of the intermediate-frequency amplifier (the discus- 
sion would be similar in the case of a rectangular band), 


The modulation of the n-th lobe is of the form M,, = e-aif, hence the number of lobes 
exceeding "half power" (My > 0,5) is 


2n = 0.44 f/Af. 


Accordingly, the width of the envelope at half power is 


Ro f r 
2n Deos@ i 0.44 5 Dcosq’ 


On the other hand, the width of the directionality pattern of a standard antenna of size Dr at 
half power is A /Dg. The condition for equivalent resolution is 


fo 


from which we find 


D, = 2D cos pt . 

With, for example, a base line of D = 50 km, Af/f * 0.05 and g & 0, the envelope resolution 
of the interferometer is equivalent to the resolution of an antenna of size Dre = 5 km, The 
number of lobes in the width of the envelope at half power is 2n = 9, If we are restricted to 
the order of ten "working lobes," then we have Af/f * 14. The envelope resolution of the in- 
terferometer can be increased (by the ratio Dg * 0.1 D cos g) by an increase inthe base line D. 


In the study of many discrete radio sources, the spatial selectivity determines the limit- 
ing number which can be studied with a given telescope, because of the confusion effect, For 
this reason, it is important to evaluate the angular separation at which two sources can be de- 
tected without mutual interference. 


We assume the source under study S, is recorded in the n-th lobe with a modulation 
M,, = en Tn A fit, 


Source S, (the interference) is of intensity 8 times that of the source under study. At the in- 
stant when Sn is recorded in the n-th lobe, the source S; is recorded in the (n + n')-th lobe 
with an amplitude 


BM nin’ = Bermntn Aft 
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To solve a particular problem, we must know the degree a to which the desired signal exceeds 
the interfering one. We have 


e-mn’Afif — aB 


or 
ny Al _ jn (aB) \ 
f T 
Using these expressions, we find 
,__ > _1n (a8) 
ea YM, 


This expression relates the quantities of interest to us. For example, if we have 2n = 10, 
Mp = 0.6, a = 10, 6 = 1, then we find n' = 22 with Af/f = 47/1. 


This possible increase in the resolution of radio-relay interferometers seems specially 
important for use in overcoming confusion effects in the meter-wavelength range. 
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BASIC PARAMETERS OF THE EAST—WEST ANTENNA FEED 
OF THE LEBEDEV INSTITUTE WIDEBAND 
CRUCIFORM RADIO TELESCOPE 


Yu. P. Ilyasov 


1, Layout and Installation of Feed 


The east— west antenna of the FIAN (Lebedev Institute) cruciform radio telescope com- 
prises a parabolic cylinder, of dimensions 1008 m on the generatrix and 40 m on the tension 
chord, with a wideband feed installed along the focal line of the radio telescope. According to 
design considerations, discussed in detail in another article [1], the antenna is divided into 36 
sections, each 28 m long. A section of the antenna feed, consisting of eight shunt dipoles with a 
wideband balancer, was installed within one such section of the antenna, The parameters of the 
antenna section have been reported [2], That article also showed that the antenna feed section 
allows the antenna to operate simultaneously over a broad frequency range, stretching from 30 
to 120 MHz, 


RKK-5/18 grade down-lead cables, each 50 m long, were laid along the dipole masts from 
each feed section. The down-lead cables were all of the same length, to within +5 mm, The 
down-lead cables from two adjoining sections were led to the summing wideband transformers, 
which are in the form of tapered coaxial lines 4 m in length, These transformers are installed 
directly at the ground level. From the summing transformers, RKM-5/18 grade cables each 
465 m in length lead to the center of the antenna. There are 18 such cables in all, nine on each 
side of the center of the antenna, They are laid underground at a depth of about 1 m in special 
asbestos-cement tubes, in order to minimize any chance of their electrical length changing in 
response to temperature fluctuations. Excess cable lengths from the central sections of the 
antenna feed are wound on drums placed at the center of the antenna, in a special basement 
switch house. Lines of variable length installed at the terminations of the 18 cables in this 
switch house are employed in order to equalize the electrical lengths of these cables. All sec- 
tions of the feed are combined later on as in the diagram in Fig, 1, using summing wideband 
transformers with resistance transforms from 25 to 75 2. This is achieved by the use of taper- 
ed coaxial lines 4 m in length, With this antenna switching arrangement, uniform in-phase ex- 
citation of all sections of the feed is achieved with excellent impedance matching over a wide 


range of frequencies, 


We clearly realize from Fig. 1 that the switching arrangement resorted to here makes it 
possible to operate with either compensation-type radiometers or correlation-type radiometers. 
In addition, this arrangement also makes it possible to form interferometers with any desired 
base line within the limits of the entire antenna array, It has been demonstrated [8] that de- 
viations in the directional behavior of the radiation pattern in response to random phase errors 
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in the feeder lines of the antenna will be smaller in 


at a! the case of this switching arrangement than in the 
25/78 20/75 case of one with a smaller number of independent 
trr Trer high-frequency cables leading to the center of the 
25/75 rk mS L5/75 antenna for summation, 
Tier aks BN Trer \ 
wesrpae BF cea “Rt 2. Antenna Feed Adjustments 
aS ast part of antenna Adjustment of most of the feed components is 
JL carried out before they are mounted on the antenna. 
To correlation To compensation The shunt dipoles are assembled on a special form- 
TECelvel Tecelver ing board. After assembly, dimensional tolerances 


Fig. 1. Switching arrangement for feed are checked. Deviations in dimensions were not 
greater than +1 cm. Prior to assembly of sections 
from the eight dipoles, all segments of the feed line 
leading to that point were first adjusted against a single standard. The assembled section was 
then given a final tuning and adjustment, with matching and phasing measured over a broad fre- 
quency range. Phasing accuracy on absorbing loads included in place of the dipoles during the 
tuning process [2] was to within +3°. After a final check without any dismantling, the section 
of the feed was then mounted in the reflector. Wideband balancers and summing transformers 
were checked over the 30 to 120 MHz frequency range for impedance matching and amplitude — 
phase symmetry at the output. All the RK-3 cables joining the various elements of the feed 
lines were tuned against unified standards to within +3 mm, by the usual procedure using the 
LI-3 slotted measuring line. 


sections. 


The main feed lines, laid underground, were checked and tuned with special care. Tuning 
was initially by a pulsed technique. Pulses 0.1 ysec in duration were supplied simultaneously 
to a "standard" cable and to the cable being measured. The cable being measured was equal- 
ized to within +60 cm with respect to the standard cable, on the basis of the pulses reflected 
from the terminations of the cables. A DESO-1 high-speed dual-beam oscillograph was em- 
ployed in these measurements, All inhomogeneities in the cable measured which yielded re- 
flections greater than 0.1 were first removed, Their positions could be determined with ease 
from time marks on the DESO-1. As arule, most of the inhomogeneities appeared at points 
where different structural lengths of the cables joined. Accurate pretuning of the cables to 
within +60 cm was determined by the duration of the leading edge of a main pulse, the maximum 
sweep rate of the DESO-1, and the scale of the DESO-1 time markers. In our opinion, the at- 
tainable accuracy in the readings was in fact achieved, since the leading-edge duration of the 
reflected pulse depends on the length of the cable, because of the frequency variation of attenua- 
tion in the cable. Calculations showed that a rectangular main pulse reflected back from the 
cable termination in RKM-5/18 cable about 500 m long would be returned undistorted with a 
wave front duration on the order of 0.075 usec. 


The pulsed technique also proved convenient for rough checks on identical attenuation in 
the cables. At slow sweep rates, multiple reflections from the two terminations of the cable 
could be observed, their envelope yielding an exponent. Absence of contacts in distinct sections 
of the feed could be detected by repeated reflections in the down-lead cable during the tests, 
and thereby eliminated. In that sense, the pulsed technique can be proposed as a convenient 
system for inspecting feed lines of the type described. 


Definitive phase correction of the underground cables involved the use of a modulation 
method described in detail in another article [4]. This method of measurement makes it pos- 
sible to equalize the electrical lengths of the cables unambiguously within the range of a half- 
wavelength difference in the lengths of the feed lines. The principle advantage of this modula- 
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TWR 


_ 10 tion technique lies in the fact that it can be used 
p for phase adjustments of long lossy transmission 
| lines to a high order of precision. In our case, 
ag the equivalent attenuation due to the cable and the 
LY measurement circuit was about 40 dB. For a load 
OL with a modulated reflection coefficient, we used 
, a T-junction with a matched load inserted in one 
Wy 60 20 00 VA, arm and a 1A501 semiconductor diode in the other 
J, MHz arm, The modulation voltage was placed across 


the semiconductor diode, from a portable tran- 
sistor audio oscillator. Prior to the measure- 
ments, the modulated loads of the cable to be 
measured and the "standard" cable were checked and the initial difference in their electrical 
lengths was determined. The method provided accuracy to within +0.5 cm in measurements at 
a single frequency. 


Fig. 2, Matching of one of the feed sec- 
tions, TWR = F(/), 


It was shown that the measurements can also be carried out with the same modulated 
loads at wavelengths in the decimeter range, But the real accuracy attainable in tuning is lim- 
ited not by the measurement technique, but by small inhomogeneities in the cable. These in- 
homogeneities, characterized by a reflection coefficient not greater than 0.1, yielded deviations 
in electrical length in the +5° range at different frequencies (about 5 cm at 3.6 m wavelength), 
because they are located at different positions along the feed line. In consequence, the measure- 
ments had to be performed at three nonmultiple frequencies, and tuning adjustments were made 
with respect to the mid-difference in lengths. 


The modulation method proved to be suitable for measuring small inhomogeneities in 
lossy feed lines by the method of the displaced shorted piston, A well-matched feed line of 
variable length was inserted between the modulated load and the cable in order to facilitate 
these measurements, These two techniques were relied upon for tuning all the underground 
cables to within +5 cm electrical length (relative error +1074) with inhomogeneities in the line 
exhibiting a reflection coefficient not greater than 0.1. Measurements of attenuation using a 
radiometer and a portable noise generator showed the deviations in cable attenuation to be not 
more than 20% off tabulated values, 


Matching of all sections of the feed was measured over a wide range of frequencies in the 
cross section at the first summing transformer. It can be safely stated, to a degree of accu- 
racy consonant with the errors in the measurements, that the results of the measurements are 
in agreement. One of the curves plotted (results of measurement of the matching of section 
No, 7, as numbered from the west end of the antenna) is shown in Fig, 2. 


Efficiencies were computed for the feed section, and for the entire feed as a unit, on the 
basis of results of measurements of the matched terminations, and on the basis of attenuation 
data for the cables and the measured crosstalk attenuation in the feed line devices over the 
range of frequencies of interest here. The results of these calculations are plotted in Fig. 3. 
The dashed curves are plotted here for the case of completely matched dipoles and feed lines 
over the entire frequency range. Efficiencies measured at several frequencies in terms of 
galactic radio emission and averaged for the several sections, are plotted in Fig. 3a. The 
agreement between the experimental values and the theoretically predicted values is quite sa- 
tisfactory. 

The radiation patterns in the E-plane of some of the antenna sections were measured at 


different frequencies in the operating range. The measurements were based on radio emission 
from Cassiopeia A. Results of the measurement showed that the shape of the radiation pattern 


154 YU, P. ILYASOV 


10 a 


08 Ra Matched 


JO 7 70 JO 110 120 F JO 70 JI0 N10 =120 
J: MHz J MHz 
Fig. 3. Efficiency of antenna feed, a) Efficiency of feed section 
(1) in cross section with wideband balance, and (2) in cross sec- 
tion with transformer; b) efficiency of feed line. 
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Fig. 4. Radiation pattern of the east— west antenna in the E-plane 
at 110 MHz frequency. 
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Fig. 5. Results of measurement of the position of the radiation pat- 
tern. a) As a function of frequency; b) as a function of zenith dis- 
tance (computed inclination of east — west axis to horizon 30°). 


was close to the calculated shape, and that the effective area corresponded to that expected at a 
reflector with a coefficient of usable surface of the order of 0.5. 


After all the underground cables had been tuned, the parts of the antenna were summed 
and the radiation patterns of those parts were checked in stages of summation as indicated in 
Fig. 1. The radiation patterns were measured against several powerful sources of radio emis- 
sion, Figure 4 shows a radiation pattern for the entire antenna, in the E-plane, obtained at 110 
MHz frequency using the source Cassiopeia A. The half-power width of the radiation pattern was 
9'.0 +0'.3 (calculated with 9'.5), and the side-lobe was not higher than 6% (calculated level 4%). 
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Fig. 6. Dependence of effective antenna area on zenith distance. 
Numerals at data points indicate number assigned to source in 
3C catalog, 
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Fig. 7. Histograms of the spread in electrical lengths of under- 
ground cables. 


The E-plane measurements of the radiation patterns at other frequencies within the operating 
range showed the parameter patterns to be close to calculated values at those frequencies as 


well, 


The location of the peak on the radiation pattern at different frequencies was measured 
using the sources Cassiopeia A and Cygnus A, in order to obtain information on the phase 
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behavior of the feed over a wide frequency range. The results of these measurements are plot- 
ted in Fig. 5a. Figure 5b gives the results of measurements of the position of the radiation pat- 
tern at different frequencies and different zenith distances. The results were processed with 
attention given to the existing inclination of the antenna axis toward the east. As a result of this 
antenna tilt, the angle between the radiation pattern peak and the meridian will vary according 
to the cosine of the zenith distance. The tilt of the axis was assigned the value 30' in the cal- 
culations. As measurements showed (Fig. 5a, b), the true tilt arigle was near 28'. As is clear 
from Fig. 5b, the antenna axis is not strictly aligned in the east — west direction, but deviates 
from that direction in such a way that the eastern end of the antenna axis veers northward by 

an angle of about 1', The subsequent measurements based on a large number of sources [5] 
yielded the following values: tilt of axis to horizon, 29'.58 4 0'.39; rotation of axis, 1'.86 4 0'.43, 
i.e., the antenna diagram on the horizon deviates from the meridians eastward by that angle. 


Measurements of the effective antenna area based on intense sources at 3.5 m wavelength 
showed that no significant changes in the effective area were detected, to within 7% error, in 
the case of zenith distancesfrom10°to78°. Figure 6 shows the results of these measurements. 
The numerals at the data points indicate the numeration of the source in the 3C catalog. 


Regular verifications of the electrical lengths of the underground feed lines were carried 
out while the east — west antenna was in service. It was found that the electrical lengths of the 
transmission lines varied with respect to the "standard" cable. The cable proceeding to the 
central section of the antenna was assigned the role of "standard" cable, since it lay almost en- 
tirely within the basement switch house. The results of these studies are shown in a series of 
histograms in Fig. 7. Changes in electrical length are plotted as abscissa, and the number of 
cables not exceeding a specified length range is plotted as ordinate. The rms deviations (c) of 
each distribution of electrical lengths are stated for each histogram. In a first approximation, 
it is safe to say that no seasonal variations or periodicity of any kind were observed. Cable 
lengths were readjusted after each check on the spread of values. The spread in values of cable 
lengths increased with the time between readjustments. The principal reason for the change in 
the electrical lengths of the cables is, in our view, the change in the parameters of small in- 
homogeneities, at locations of high-frequency connectors, Several cases were reported where, 
for inhomogeneities revealed in the course of checks by a pulsed technique, deviations 
in electrical length on the order of 20-30 cm were drastically reduced upon removal of the in- 
homogeneities, 


A change in antenna parameters due to changes in cable lengths was reported. The side- 
lobe level increased to 8-10%, while the effective area became somewhat smaller. As a result, 
it was recommended that the electrical length of the cables be checked and adjusted not less 
than once every three months. 


3. Sensitivity of the East—West Antenna 


The effective antenna area is usually decided upon as the antenna parameter, However, a 
knowledge of the effective area and of the efficiency is not sufficient to estimate the sensitivity 
of the antenna, The noise temperature of the antenna must be known to solve problems in radio 
astronomy [6]. 


In the meter-wavelength range, the antenna noise temperature is determined primarily by 
the brightness temperature of the galactic background radio emission, which declines rapidly 
as the frequency rises [7]. Since the brightness temperature differs over the celestial sphere, 
we assume peak temperatures for the minimal sensitivity (in the direction pointing toward the 
center of the galaxy) and minimum values for the maximum sensitivity (in the direction point- 
ing toward the galactic pole), in the calculations. Moreover, it has been shown [8, 9] that faint 
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Fig. 8. Dependence of (1) the limiting sensitivity of the 


east—west antenna and of (2) the effective antenna area 
A eff, on the frequency. 


TABLE 1 
T., °K Tho» K 
Ff, MHz : 28 > 
min | max min | max 
30 40 500 82 3500 10 000 120 000 
40 22 900 24 000 9 000 61 000 
920 12 000 40 500 2 900 37 000 
60 6 000 30 000 1 900 24 500 
70 1 500 24 000 1300 17 500 
80 ) 19 500 960 13 000 
9) 0 15 000 720 10 000 
100 0 12 800 570 7 800 
110 ) 9 500 420 6 000 
120 0 7 800 360 5 000 


discrete sources appearing simultaneously within the field of reception yield fluctuations 

in total flux due to fluctuations in the number of such sources. This obviously means 
fluctuations in the readings of the output recording instrument, and will also determine the limit- 
ing sensitivity of the radio telescope. Note that the characteristic period of these fluctuations. 

is determined by the time it takes sources at a given declination to travel across the antenna 
radiation-reception pattern. The equivalent noise temperature has been shown [9] to bea convenient 
characteristic of these fluctuations in estimating the sensitivity ofa radio telescope. Equivalent 
noise temperatures were calculated for two alternative possible laws of dependence of the num- 
ber of discrete sources on source intensity, and will be denoted below as T™** and Ty’. 
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Values of these temperatures for the frequency range of the east — west antenna are tabulated 
in Tablel.* The table lists values of the maximum and minimum brightness temperatures of gal- 
actic background emission [7]. 


AS Ante VAlt . 
In determining 7, = elf Vale the following values were used: effective antenna 


area A orp = 0.6 Ageom = 24,000 m?*; radiometer bandwidth Af = 300 kHz; and time constant 
7 = 10sec, The rms values of the fluctuations in average flux were determined from data re- 
ported in [9], Calculations of the limiting flux from a discrete source picked up by a radio tele- 
scope and at a signal-to-noise ratio of 5 were performed for a radiometer with the parameters 
T, = 500°K (noise factor 2.6), transmission bandwidth Af = 300 kHz, and time constant 7 = 10 
sec, using the familiar formula 

AS, —5 2 tr Ebg th Msn OTD 

V Aft ‘A eff 

The efficiencies 7 are read off the graph in Fig. 3b, while the Aer values at the receiver input 
were computed by using this efficiency for the utilization ratios of the surface, which fall with- 
in the interval 0.6 to 0.53 for a wide range of frequencies, The dependences of AS, min min and 
AS; max max are plotted in Fig. 8. Plotted with it is the dependence Aefs over a broad range of 
frequencies, The points on the graph denote experimental Agrp values measured at distinct fre- 
quencies within the antenna operating range. Satisfactory agreement between the experimental 
values and predicted values is evident in Fig. 8. 


It is also clear in Fig, 8 that antenna sensitivity is determined primarily by background 
radio emission and by the saturation effect, in the 30-70 MHz frequency range, Even though 
the effective antenna area at the receiver input contracts with rise in frequency, because of 
losses in the feed lines, the sensitivity of the radio telescope comes out improved. In the 80- 
120 MHz frequency range, antenna sensitivity with frequency rise is even more affected by the 
parameters of the feed lines. Consequently, the use of outboard amplifiers [9] means a gain in 
the 80-120 MHz range, but virtually no improvement in sensitivity at all in the 30-70 MHz 
range. And in that case determination of the sensitivity of the radio telescope appears, in our 
view, to demand treatment of all factors pertinent to the operating range of frequencies. Esti- 
mates of antenna performance based on the effective antenna area alone would be inadequate. 
Observations carried out at 7.5-m wavelength have shown that the sensitivity of the radio tele- 
scope is in fact determined by background radio emission and by the saturation effect. 


By designing a wideband feed with a 4:1 frequency overlap, we were able to make full 
utilization of the antenna's capabilities. There are a lot of problems which are difficult to solve 
with a narrowband instrument in the case of this type of radio telescope. To be specific, mea- 
surements of the spectral indices of many sources [5] can be carried out most simply on a 
single wideband instrument, For another thing, high stability to noise exhibited by wideband 
antennas makes it possible to obtain more information and to more fully utilize the expensive 
instrument, 


In conclusion, the author welcomes this opportunity to express his gratitude to the leader 
of the project, V. V. Vitkevich, for his persistent attention to the progress of the work, A, D, 
Kuz'min for highly appreciated comments at the start of the work, and V. T. Solodkov for in- 
valuable assistance in performing the experiment, 


*These T, values were obtained by R. D. Dagkesamanskii. 


So ON & 
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APPARATUS AND METHODS USED 
IN RADIO-ASTRONOMICAL MEASUREMENTS 
OF THE VELOCITY OF THE SOLAR WIND 


I. A. Alekseev, V. V. Vitkevich, 
V.I. Vlasov, Yu. P. Ilyasov, 
S.M. Kutuzov, and M. M. Tyaptin 


1. Investigation of-Flickering of Radio Sources 
and the Necessity for Synchronized Observations 
at Three Points 


Starting in 1951, when studies of the medium around the sun by the "transillumination" 
method first began [1], a very large number of investigations on the scatter of radio waves in 
the circumsolar plasma have been carried out. The chief parameter which has been measured 
and investigated is the angle of scatter of the radio waves during their spread through non- 
homogeneities. From data relating to this scatter, the characteristics of nonhomogeneities of 
the supercorona of the sun have been obtained [2-8]. 


Under certain conditions flickerings of radio waves are observed, i.e., an alternating in- 
tensity is recorded. Changes in the intensity (or, more exactly, the density) of the energy flux 
at the observation point are accompanied, of course, by changes in the angular spectrum, i.e., 
by scatter. However, we shall concentrate attention on the change in intensity. 


Observations of flickering of radio waves crossing large-scale nonhomogeneities were men- 
tioned originally in 1955 [2]. Here, however, we shall discuss only the flickering caused by small- 
scale nonhomogeneities, filling the whole space about the sun, and always existing. Let us con- 
sider the chief mechanism of origin of the flickerings. 


In Fig, 1 the arrows IW show the directions of movement of corresponding parts of the 
incident wave front from an infinitely distant point source. The wave front is a plane and all 
the arrows are parallel to one another, If we mentally draw the trajectory of the rays through 
a medium filled with nonhomogeneities, for each trajectory, although the geometrical paths are 
equal, the electrical paths will generally speaking be different, on account of the presence of a 
varied number of nonhomogeneities with a refractive index different from unity. When it 
emerges from the layer containing nonhomogeneities, the front of the disturbed wave will there- 
fore have irregular directions in certain areas, In our case, all directions will differ only a 
little from the principal direction of spread of the wave along a straight line in the absence of 
nonhomogeneities., 
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As a result of interference between individu- 
al (conventional) rays the irregular wave front, 
as it spreads, will create an irregular, not homo- 
geneous, field in the plane perpendicular to the 
direction of spread of the wave. If we intersect 
this field in the plane of the drawing, in a direc- 
tion perpendicular to the spread of the wave, we 
obtain an irregular distribution of intensity I 
along the x coordinate, as shown, for example, in 
the drawing. 


If, however, the relative position of the 
source of each of the nonhomogeneities and of the 
observer remained unchanged, a certain constant 
intensity I(x) would be recorded at the point of re- 


Fig. 1. Scheme of formation of diffrac- ception, and this could be greater or less than the 
tion pattern and of flickerings. IW) Flat mean, However, the situation is otherwise. First, 
incident wave; NP) nonhomogeneous the source moves relative to the nonhomogeneities 
plasma-disturbing layer; DW) disturbed and to the earth; second, its position changes rela- 
wave; v) direction of velocity of move- tive to the position of individual nonhomogeneities; 
ment of nonhomogeneities, The diffrac- third, all nonhomogeneities move, together with 
tion pattern in the plane of the drawing the circumsolar plasma, outward from the sun; 

is shown in the bottom graph. and, fourth, the earth revolves and rotates relative 


to the nonhomogeneities. The result of all these 

factors is that the diffraction pattern of the field 
undergoes changes in time and moves as a single entity relative to the observer, thus creating 
flickering of the radio sources, i.e., a change of intensity in time at a given point, 


Of all the above factors causing flickering, the most important is the presence of radial 
movement, common to all the nonhomogeneities, outward from the sun with velocity v. Deter- 
mination of a reliable value of v would enable consistent values to be obtained for the linear 
dimensions of the diffraction pattern, and also, consequently, for the dimensions of the non- 
homogeneities; this parameter, in turn, would enable the electron concentrations of the nonhomo- 
geneities to be determined. 


Besides determination of the value of the dimension qa, another extremely important re- 
sult may be mentioned, which can be obtained by investigating the relationship between v and 
the distance from the sun, if it can be shown that the nonhomogeneities are "frozen" into the 
plasma, This brings us to the nature of solar wind. 


At present there are only fragmentary experimental data concerning movement of the 
plasma close to the earth's orbit (in the interval as far as Venus) obtained from rocket meas- 
urements, and also data for the wind velocity near the sun itself, obtained by the radar method. 
This information is not enough to provide the answer to one of the main problems in the physics 
of interplanetary plasma; the nature of the solar wind. According to Parker's theory, the vel- 
ocity of the wind increases substantially with an increase in distance to about 50 Ro, and then 
remains practically unchanged. 


If, however, the movement is caused by discharges (the sum of the "flares"), the velocity 
will decrease with an increase in the distance. Probably in either case near the earth's orbit 
the change in velocity will be small, and it will hardly be possible to observe the character of 
the change in velocity from rocket measurements made between the earth and Venus. On the 
other hand, analysis of the velocity near to the sun would not only confirm the theory, but would 
also enable the acceleration to be determined near to the sun, i.e., it would yield new parameters. 
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The question whether the solar wind is in reality produced in accordance with Parker's theory, 
or whether the nature of the forces creating it are different, is one of essential importance. As 
yet no definite answer can be given to it. Very probably, active processes such as flares on the 
sun play the chief role in the formation of solar wind. 


The study of solar wind is thus itself a very interesting problem, and the organization of 


appropriate experiments has been undertaken. . 


Organization of Experiments and Demands on the Apparatus. lLetus 
discuss some aspects of the organization of observations in order to determine the direction 
and velocity of movement of the nonhomogeneities, Let us imagine the diffraction pattern of the 
field on the earth with characteristic dimension L, created by interplanetary nonhomogeneities 
of the plasma, moving relative to the observation point with a velocity v. 


In that case, just as is done in relation to measurement of the ionospheric wind, three ob- 
servation points can be arranged, forming approximately an equilateral triangle. Let the dis- 
tance between them d <« L, so that there is a high degree of correlation, close to unity, between 
the observed fluctuations of energy at the different points. 


If a, represents the angle between the velocity vector and the direction of the base, the 
difference between the times of appearance of the same fluctuation changes of intensity at 
each point will be given by ti, = dj, /vcos a;,. If it is taken that cos aj, ~ 1, thenfor the char- 
acteristic velocity v + 300 km/sec, the distances d;, = 300 km will correspond to a time of delay 
of 1 sec, The rational choice of the distances d;, is an important question. If dj, is too great, 
correlation between the fluctuations at the two points is disturbed, while low values of d;, lead 
to a small change in the pattern with time, i.e., to a low accuracy in the measurements, 


We make the initial assumption that the nonhomogeneities on which diffraction takes place 
move relative to the earth, and undergo little change during time T between the maxima of fluc- 
tuating intensity. We thus consider that the fluctuational picture which we observe is due mainly, 
not to changes in the nonhomogeneities themselves, but to the general movement of the diffrac- 
tion pattern relative to the earth, If 7, represents the life span of one nonhomogeneity, it can 
be accepted that 7, >> T. We thus consider that 7, is of the order of 10 sec or more. 


If the radial velocity relative to the sun is the same for all nonhomogeneities, then be- 
cause the diffraction pattern is formed as the result of the action of all the nonhomogeneities, 
it will be deformed by the relative displacement of the nonhomogeneities lying in the line of 
sight. If 6 is the angle within which the nonhomogeneities make their main contribution to flick- 
ering, the tangential velocity along the line of sight will vary within the limits v; = v(1 + cos 8). 
If, for example, 6 = 30°, then Av = +14%. If the nonhomogeneities move through the character- 
istic distance L, the relative displacement will be +0.14L. If, therefore, the distance between 
the points of observation is of the order of L, correlation will not be disturbed on this account. 
If T ~ 3 sec and v © 300 km/sec, then L = 900 km and the points of observation could be spaced 
so far apart, However, this is a very great distance, unsuitable for the first observations and, 
furthermore, under these circumstances velocities of lower magnitude could not be measured, 
In addition, the solar wind along the line of sight is hardly likely to have the same magnitude 
over a wide range of values of 8, 


Estimation of the shortest distance of dispersal of the points is determined by the wind 
velocity and the minimum error with which the delay time between two points of observation can 
be measured, The probable error At is determined by the relationship 


At = V At? + At? + At?. 
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Here At, represents theerror dueto differences between the apparatus at different points. 
If accurate calibration is carried out at the beginning of the work, it may change in the course 
of time. If no special measures are taken to stabilize the instruments, for the estimates it can 
be taken that At, ~ 0,1 sec. The term At, represents the errors in synchronization of the two 
points, With careful adjustment of the system this can be reduced to a minimun, and it can 
evidently be disregarded, The term At, is the error caused by differences in the character of 
recordings of the signal at different points, arising as aresult of: a) disturbance of coherence 
of the recordings at separate points, and b) the presence of an interfering action of apparatus 
noise and external sources, The importance of this last factor will be influenced, in particular, 
by the efficiency of the antenna, the sensitivity of the receiver, the intensity of the observed 
source, and the degree of its radio flickerings, On the basis of present experience with observa- 
tions of this type, and assuming that the effective area of the system is about 10° m?, it can be 
taken that At, = 0,15 sec for sources 3C-48, 3C-147, and others of similar intensity and with a 
flicker of about 30%. We thus obtain that At = 0,15-0.2 sec. 


To take At = 0.2 sec means that a distance d = 200 km must be chosen, This is a suitable 
distance for working conditions and it enables reliable measurements to be made between limits 


of velocity of 400 and 50 km/sec. 
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After careful reconnaissance the following sites were chosen for the new observation 
points: the first point near the town of Kalinin and the second near the town of Pereslavl'- 
Zalesskii., 


2. Antennas of Extension Radio Telescopes 


Construction of Extension Antennas, As the two extension antennas for meter 
waves for work in conjunction with a cruciform radio telescope it was decided to develop an an- 
tenna of the parabolic cylinder type (Fig. 2), with the following parameters;, 


1) Geometrical area of reflector, 280 x 20 = 5600 m’; 
2) angular aperture of the parabola forming the parabolic cylinder, 159°14'; 
3) focal length, 6.0 m; and 


4) limiting angles of rotation of antenna about the angle of elevation from the zenith (a) 
to the north 10°; (b) to the south 70°. 


The cross section of the antenna is shown diagrammatically in Fig. 2. 


One of the chief conditions to be observed during development of the project was the neces- 
sity of building antennas of simple design, with minimal loss of time in assembly. The design 
of the antennas was to be such that they were as transportable as possible; the possibility that 
the antennas might be moved in the future to other bases had to be provided for. 


The reflector of the antenna consists of 130 stretched steel wires, fixed to supports com- 
prising nine parabolic trusses. These trusses are arranged in a line along the axis of rotation, 
at a distance of 35m apart, and they form a parabolic cylinder 280 m in length (Fig. 3). 


The parabolic trusses are three-dimensional and consist of three members, The cross 
section of the trusses is triangular and the position of the axis of rotation is asymmetric. Be- 
cause of this last feature, the antenna can be placed at a low height from the ground, which not 
only greatly facilitated its assembly, but also enabled a large sector of rotation of the antenna 
to be obtained about the angle of elevation. 


The rotating dipole masts to which the dipoles are fixed, the subreflector, and the feeder 
make it possible to mount the exciter on the ground, and then to fit it in its assembled form in 
the focus. 


The wires of the reflector are fixed in holes in the upper struts of the trusses by means 
of rubber bushings, which damp most of the vibration of the wires produced by wind loads. To 
prevent breaking of the wires from nonalignment of the trusses during manual rotation, taut 
steel wires are fixed to the ends of the trusses, and these prevent excessive misalignment, To 
damp vibration at the points where the wires are attached to the end trusses, crosswires are 
interwoven with them, 


The end parabolic trusses are similar in construction to the intermediate ones, but to 
take the loads from the tension in the wires and cables they are strengthened and are held by 
special stays and tightening devices, 


The rotating mechanism consists of a system of cylindrical cogwheels, one pair of worm 
gears and chain transmission from a manual drive. The rotating mechanisms are mounted on 
platforms with their foundations on piles, 


Taken as a whole, the design of the extended antennas is relatively simple, they are cheap 
to build, and they have good parameters of performance. 
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Fig. 4. Block diagram of the emitter. SD) sym- 
metrizing device. 


General Electrical Characteristics of the Antennas. As was stated 
above, both antennas at the out-stations consist of parabolic cylinders measuring 280 x 20 m. 
If uniformly excited, the polar diagrams of the antennas at half power have the following meas- 
urements; 42' x 10° for a wave of 3.5 m and 84' x 20° for a wave of 7 m in planes E and H, re- 
spectively, 


It was mentioned previously that for simultaneous observation of a radio source at all 
three points, the polar diagrams of the antennas at the out-stations must be inclined to the in- 
phase position by an angle determined by the longitude of the particular station and the angle of 
inclination of the observed source. For the selected sources the direction diagram of the anten- 
na at the out-station in Kalinin Region must be inclined at an angle of 2,5° to the east, and the 
direction diagram of the antenna at the out-station in Yaroslav Region by 1° to the west, This 
inclination is carried out by including phase-shift controls in the corresponding branches of the 
circuit of the dipole-feeder system. 


The antenna exciter is composed of dipoles placed along the focal line of the reflector. 
To form the diagram of the exciter in a plane H a subreflector with a width of 1.65 m and made 
of wires 2 mm in diameter is used. The height of suspension of the dipoles above the subre- 
flector is 1.05 m. The dipoles and feeder system of the exciter are mounted on different sides 
of the subreflector to reduce their mutual effect. 


Block Diagram of the Dipole-Feeder System. The whole antema is di- 
vided into four sections. Down-lead cables of type RKM-5/18, 50 m in length, are laid from 
each section of the exciter on the dipole masts. The down-lead devices are combined in pairs 
by means of wideband doublet rings [9]. The doublet rings are followed by two RKM-5/ 18 cables, 
80m long. If necessary they are joined by a wideband doublet ring. The block diagram of the 
antenna exciter is shown in Fig, 4. The numbers denote the serial numbers of the spans, All 
components of the feeder circuit were tested and tuned to a wavelength of 3.5 m. Phase adjust- 
ment was carried out so that the total error does not exceed 3-4° on wavelengths of either 3.5 
mor 7m, 


The Antenna Exciter Section. The exciter section consists of two identical 
spans, Ten dipoles are mounted in each span of the atenna, 35 m in length. The dipole is whole- 
wave at a wavelength of 3.5 m and half-wave at a wavelength of 7m. The wave impedance of 
such a dipole is 450 2, The input impedance of one dipole, fixed above the subreflector, was 
measured in the frequency bands from 41 to 46 MHz and from 82 to 88 MHz. 


To simplify the feeder system in the span a scheme with a series power supply to the di- 
poles was chosen, The main twin-wire feeder with wave impedance of 490 Q passes through the 
whole span beyond the subreflector. The dipoles are connected to the twin-wire feeder by 
lengths of KATV cable so that the distribution of current along them at wavelengths of 3.5 and 
7.0 mis in-phase. For this purpose the points of connection of the KATV to the twin-wire feeder 
were spaced 3.5 m apart, constituting one wave at 3.5 m and one half-wave at 7.0 m. 
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Fig. 6. Input impedance of one section in the 82-88 MHz band. 
a) Active component; b) reactive component, 1) Calculation; 
2) experiment, 


In-phase excitation of all dipoles in the span to both waves is ensured by the appropriate 
choice of electrical lengths of the KATV cables, If the KATV lengths chosen were equal, at a 
wavelength of 7 m the alternate dipoles are excited in opposite phases, To prevent this, the 
lengths of alternate KATV cables are increased by 3.5 m, i.e., by a half-wave for a wavelength 
of 7m. Obviously at a wavelength of 3.5 m in-phase excitation is undisturbed. These addition- 
al lengths of the KATV cables are introduced as loops fixed in the plane of the subreflector. 


The principles of design of the span are illustrated in Fig. 5. It must be emphasized that 
this scheme of series connection of the dipoles is strictly in-phase only at wavelengths of 3.5 
and 7m. The polar diagram deviates from an in-phase state by a distance of not more than 0,1 
of its width during a change of frequency of not more than 1.75%. 


As the measurements showed, the dipole has a high active input impedance at a wavelength 
of 3.5 m and a comparatively low active input impedance at a wavelength of 7m. At a wave- 
length of 3.5 m, the high impedance from each dipole is scaled to the input of the twin-wire 
feeder through a whole number of half-waves without any transformation. The scaled input im- 
pedances of ten dipoles at the input of the span give a total active component of about 120 Q and 
a small reactive component, At a wavelength of 7 m the low input impedance of each dipole is 
scaled initially through a quarter-wave KATV into a high impedance, and these impedances 
from the ten dipoles, scaled along the main feeder to the input of the span, when added together 
give an impedance with an active component also of about 120 Q and a small reactance, 


Two spans of the exciter are connected to a broadband symmetrizing device, in the con- 
struction of which ferrites are used. Calculation of the input impedance of these two spans of 
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the exciter was carried out for frequency bands of 41-46 MHz and 82-88 MHz. The input im- 
pedances of the dipoles were taken from the experimental data. The results of calculations and 
experiments are given in Fig. 6, showing a good measure of agreement between the two. It will 
be noted that the calculated distribution of current along the dipoles was counted as uniform and 
in-phase, After adjustment of the additional capacitors at the input of the symmetrizing device 
to the working frequencies, their reflection coefficient does not exceed 0.15-0.2. 


As mentioned previously, for the antenna at the out-station in Kalinin Region the diagram 
has to be inclined by 2,5° to the east of the in-phase position, Under these circumstances, if 
one span of the ten dipoles remains in-phase, the effective area of the antenna is reduced by 
about 35%, because a considerable diffraction effect appears. For this reason, an in-phase 
group of five dipoles was left for this antenna. An additional twin-wire feeder was mounted in- 


to each span, and this also was connected to a symmetrical screened twin-wire line with w = 
150 Q, 


Two spans are joined into a section by means of a summing device, The input impedances 
of one span were calculated and measured, Agreement between the calculated and experimental 
data was satisfactory. 


Effective Area of the Antenna. Calculations of the effective area of the anten- 
na were carried out at a wavelength of 3.5 m. Values of the efficiency, taken in succession for 
the sections of the feeder circuit, are given below: 


Dipole ............ seem cee ee eee tee eee eee 0.98 
KATV .. 2. ccc cr eee Coe eee tee eee etree eee 0,92 
Twin-wire feeder ..... rrr re 0,97 
Symmetrical screened line (150 2) ..... cee eee eee 0.97 
Symmetrizing device ...... rrr cee 0.94 
Because of matching of section with 75 2 circuit..... 0.975 
RKM-5/18 cable, 50m..........0.6- sec e ee eee 0,82 
First doubletring ........ 2.2. cece eee see e eee 0,94 
RKM-5/18 cable, 80m.........e.00- re 0,73 
Second doublet ring ........cccvcvevcvcvccvvcves 0,94 
Total calculated ..... cee ee eee ere woes coe eee 0.40 
Total experimental ......... 2002 cee eee oe 0.50 + 0.05 


These data show that the calculated efficiency of the dipole-feeder system is 0.40. Values 
of the efficiency of the dipole-feeder system were measured for both extension antennas on a 
wavelength of 3.5 m, for emission of the background component, For both antennas an experi- 
mental value of 0.5 + 0.05 was obtained for the efficiency, in good agreement with the calculated 
value. Values determining the coefficient of surface use (CSU) are given below: 


Because of leakage through reflector ....... cee 0.95 
Irregular amplitude distribution along dipoles in span . 0.98 
Phase scatter along dipoles.........-.2.6- co ee ee 0.95 
Spillover ......... cc eet we ee er wwe te ee ees 0,71 
Shadowing by subreflector...........- coe ee eee 0,91 
Irregular amplitude distribution at antenna aperture .. 0,92 
Total. .......6.- seme emer ere rere reeset eee 0,52 


Finally, allowing for the efficiency and the total CSU of the dipole-feeder system for an 
antenna with geometrical area of 5600 m’, we obtain the calculated value of the effective area 
of the antenna for a wavelength of 3.5 m, equal to 1160 m*, The calculated value of the effective 
area for a wavelength of 7 m is about 1500 m’, 
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Measurements of polar diagrams were made for separate sections of each half of both 
antennas and for the whole antenna for radiation from the radio source Cassiopeia A. The re- 
sults of these measurements are given in Table 1, At a wavelength of 7 m the measured effec- 
tive area of the antenna is about 1800 m’, 


To conclude, it must be noted that: (1) the antenna may work on two multiple waves, it 
has good directivity, and it has a large enough effective area to enable flickering of radio 
sources to be observed; (2) the dipole-feeder system is simple to adjust, reliable, dismountable, 
and its separate components can easily be replaced. 


3. Radiometers in the 83-89 MHz Frequency Band 


General Description. The radiometer is designed for the investigation of cosmic 
radio waves in the 83-89 MHz range, For studying solar wind, radio signals are recorded at 
three points. Two out-stations operate in conjunction with the cruciform DKR-1000 radiotele- 
scope. 


The radiometer consists of a two-channel radio receiver, based on a superheterodyne cir- 
cuit, with double frequency conversion and a correlation output, 


The weak noise signal of the radio source travels from the antenna to the input of the re- 
ceiver channel along a radio-frequency coaxial cable with a wave impedance of 75 2. In the 
correlation method adopted for reception, signals reach each channel from the corresponding 
part of the antenna system. 


The hf input amplifier isassembledfrom a bantam series of vacuum tubes. From the point 
of view of increasing the sensitivity of the radiometer it is important that the input circuit of 
the amplifier havea low noise factor and a reasonably high nominal power-amplification factor. 
The best of these tube circuits is the combination: triode with common cathode — triode with 
common grid. The input cascade of the amplifier is assembled with 6S3P and 6S4P tubes with 
an autotransformer input circuit. 


Amplification of noise signals to the level required for normal operation of the correlator 
circuit is carried out in two if amplifiers. Both the first and the second of these amplifiers are 
assembled with type P403 transistors, The first if amplifier consists of three cascades, two of 
which are symmetrically detuned relative to a mean frequency of 30 MHz, while the second is 
built according to a video amplifier design. The voltage of the heterodyne frequency is fed into 
the mixers of the separate channels through decoupling buffer cascades. To maintain the phase 
relationships of the signals used, a common heterodyne for the two channels is applied to the 
inputs of the multiplier circuit. The necessary reception band is provided by installing highly 
selective filters after the second mixer. A special feature of this radiometer is the use of three 
interchangeable bands (1.5, 0.5, 0.1 MHz), with the possibility of scanning the reception band 
within the limits of the band of the first if amplifier. The scanning band is about +3 MHz. 
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Fig. 7. Block diagram of the radiometer. 


After multiplication in the correlator circuit, the dc signal, proportional to the product of 
the input signals, is amplified in the lf system and integrated. The dc amplification is effected 
by a circuit with amplitude modulation of the input signal. Transistors of types P13 and P15 are 
used in the low-frequency part of the radiometer, A block diagram of the radiometer is given 
in Fig. 7. 


The radiometer is assembled as separate screened subchassis. The three sub- 
chassis are: the radio-frequency unit, intermediate-frequency unit, and low-frequency 
unit and correlator. The units are connected together by matched coaxial cables. This type of 
construction makes it possible to replace any of the subchassis quickly in case of breakdown 
of any part of the circuit or if certain modifications become necessary. It also enables rapid 
inspection to be made and the location of a fault can be conveniently sought; the individual units 
of the circuit are well screened from each other, All the subchassis are mounted on one com- 
mon chassis, where the regulating elements, controls, and monitoring instruments are housed. 


The semiconductor circuits are housed in heat-insulated jackets; foam polystyrene is used 
as the insulating material. The semiconductor circuits are fed by a stabilized power source 
with output voltage E = 12 V and a stabilization factor of more than 4000, The tube part is 
powered from standard sources: a stabilized anode voltage E, = 150 V and a filament voltage 
E, = 6.8 V, with a stabilization factor of about 200, Let us now examine some of these circuits 
in more detail. 


High-Frequency Amplifier. The choice of type of amplifier is determined by 
the desire to obtain a minimal noise factor in the first cascade with the maximal nominal power 
amplification, At a frequency of 86 MHz it is best to use a mixed cathode — grid circuit. In the 
receiver the circuit is built with 6S3P and 6S4P triodes. The input system is designed as an 
autotransformer circuit with transformation factor providing a minimal noise factor to the 
amplifier. A resonance system with two pairs of circuits mutually staggered at the critical fre- 
quency difference is used to obtain the required frequency characteristic. After the "cascode," 
cascades with grounded cathodes, incorporating 6Zh1P tubes, are used. 


The use of a circuit "in pairs" increases the product of the transmission band and the 
amplification factor of the cascade by 1.5 times compared with the design with circuits tuned to 
one frequency, and also gives a resultant resonance curve of better shape, With a band of Py 7 = 
8-10 MHz and a mean frequency fmean = 86 MHz, the amplifier gives a noise factor N = 1.8-1.9 
and an amplification factor ky = 400. 
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Intermediate-Frequency Amplifiers and Filters. The first intermediate- 
frequency amplifier is responsible for the scanning band of the receiver and for weakening of 
the signal along the mirror channel, A scheme with one "trio" of mutually staggered circuits is 
chosen, the frequency difference providing an amplitude — frequency characteristic with the flat- 
test possible curve. The amplifier uses transistors of type P403, To obtain the smallest noise 
factor for the amplifier, the first cascade consists of a circuit with a common base, because 
power amplification at a frequency of 30 MHz is greater in such‘a circuit than in one with a com- 
mon emitter, The subsequent cascades are assembled as circuits with common emitters, The 
amplification factor of the "trio" when the last cascade is loaded with a cascode frequency 
changer is 10-15, The transmission band in the flat part of the resonance curve is 6 MHz. 


To get rid of interfering radiations in the radiometer it is convenient to use a predeter- 
mined heterodyne frequency shift. The greater the selectivity of the final band-pass amplifier, 
the more effective this method of prevention of interference will be. It is particularly important 
to have a good coefficient of rectangularity with a wide reception band. For the values of bands 
required, in this case it is convenient to use highly selective filters, incorporated as loads in 
the second mixer. Interchangeable band-pass filters with a simple chain circuit are used in the 
design of the receiver. 


The second intermediate-frequency amplifier provides for the chief amplification of the 
signal to a value essential for normal operation of the multiplier circuit. The amplifier must 
have a factor ky = (5-10) ° 10° and a uniform frequency characteristic curve in the widest recep- 
tion band. To satisfy these demands, the amplifier is built with type P403 transistors using the 
design of a video amplifier circuit without correction. The last cascade of the amplifier has a 
transformer load; the output transformer is used in the multiplying circuit. 


Direct Current Amplifier. The main disadvantages of dc amplifiers are their 
temperature and time drifts and also the fact that, because of galvanic connections in the cir- 
cuit, the whole spectrum of low-frequency noise is amplified and passes unhindered to the out- 
put. This is particularly serious for amplifiers incorporating transistors. 


These difficulties are largely overcome in dc amplifiers with modulation of the input sig- 
nal. The dc signal in this arrangement is first converted into an ac signal proportional to it (by 
means of a modulator), and then amplified. Later (depending on the character of processing of 
the signal after amplification) it can be transformed into a de signal by means of a linear de- 
tector incorporating a transistor. The main problem arising during this method of amplifica- 
tion is the stability of the modulator itself, Meanwhile, a source of modulating voltage must be 
provided in the circuit. 


A transistorized modulator is used in the circuit of the dc amplifier. It consists of a half- 
wave converter, enabling exact reversals of the voltages to be carried out. The circuit for 
exact reversing of the voltages is based on the fact that a transistor, operating under conditions 
of deep saturation, is stable. During modulation of low levels of power, the factors limiting the 
use of such converters are the residual voltage and current, the drift of these values with a 
change in temperature, and the time required for the transistor to change from one state to 
another, The converter in the radiometer is built with two type P15 transistors connected in 
inversion, The opposed connection of the two transistors enables an identity of reversal of 
about 0.05% to be obtained. Such a switch possesses two-way conductivity, and ensures mutual 
compensation of the residual voltages and currents and of their drift during a change in tem- 
perature, for they act in opposition. The amplitudes of the overshoots during reversal also are 
reduced, The modulating voltage is supplied by a transformer, and the internal resistance of 
the generator of the modulating voltage must be low. The secondary winding in the circuit is 
shunted by a 150- resistor. The switch changes the load on the correlator with the frequency 
of modulation within a range from the nominal value to zero, The degree of modulation under 
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Fig, 8. Diagram showing relative position of three ob- 
Servation points and showing recordings from them with 
time shifts attributable to solar wind blowing inthe direction 
indicated by arrow. K) Kalinin; P) Pereslavl'; S) Serpukhov. 


these circumstances is close to 100%. During application of the modulating voltage Umog 
300-600 mV and compensation effected by selection of basic resistances of the transistors used 
in the switch, it is possible to obtain a parasitic signal of the order of 10-25 “V, brought to the 
output of the circuit, and a coefficient of transmission of about unity. 


This transistorized modulator has essential advantages over the contact type, the working 
frequency of which is limited, its length of service short, its reliability insufficient, and its 
screening cumbersome (because of the presence of inductance from the coil of the electromagnet). 


The source of modulating voltage with a frequency of the order of 1 kHz is a generator 
with a resonance circuit in the collector circuit, The generator incorporates a type MP-39 
transistor; with a current of 7 mA it provides a voltage of 800 mV at the output. 


To amplify the ac signal proportionally to the amplitude of the dc input, a low-frequency 
amplifier is used, based on the circuit of a resonance RC-amplifier, in which a twin T-shaped 
bridge serves as the frequency-selecting feedback circuit, 


All the circuits described are similar in assembly and control, Servicing of the radiom- 
eter is carried out on the basis of general methods of working with radio equipment, 


4, Radio-Astronomical Observations of Solar Wind 


Organization of Synchronous Radio-Astronomical Observations at 
Three Points. Observations at points in the neighborhood of the towns of Serpukhov, 
Kalinin, and Pereslavl'-Zalesskii were begun in June, 1966 and continued for almost two months. 
The relative position of the three observation points and a scheme of the recordings are shown 
in Fig. 8. The radio telescopes described earlier were set up at the out-stations. Great atten- 
tion was paid to coordination of the recordings in time. Synchronization was carried out by 
means of accurate time signals transmitted on frequencies of 5 and 10 MHz by radio stations of 
the time service. 


Time signals were fed every second from the output of a coupled receiver to an electronic 
relay, controlling a mechanical relay, the armature of which was connected to the pen of an 
automatic writer, When the relay is operated by the time signals the pen makes a short mark, 
Because of the rapid winding of the graph paper, the distance between the seconds marks is 6 
mm. The tested stability of the paper winding speed, affecting the accuracy of the readings 
under the conditions of the DKR-1000 mobile laboratory, proved to be quite satisfactory. In 20 
measurements during a work period of 1.5 h (of the automatic writer), dispersion in determina- 
tion of a time interval of 1 sec was 0,0009 sec (~0.1%). The construction of the antenna and 
radiometers has been fully described above. 
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Fig. 9. Diagram of location of 
antennas, A,, Ay, A3) Reception 
points; Vyo, V33) apparent veloci- 
ties; v) velocity and direction of 
movement, 


Fig. 10, Diagram of location of 
reception points. O, A, B) Obser- 
vation points; v) velocity of move- 
ment of diffraction pattern; ¢) 
angle between direction of velo- 
city and base OA; %) angle between 
direction of velocity and "line of 
maximum amplitude." 


Analysis of Results of the Observa- 
tions. To determine the velocity of the movements, 
it is clearly necessary to analyze the curves of measure- 
ments of signal amplitude obtained at the three recep- 
tion points. 


Let us consider how, by investigating the character 
of fluctuations of signal amplitude at three points located 
at the apices of a triangle, the velocity of drift of the dif- 
fraction pattern near the earth and the dimensions, shape, 
and orientation of irregularities in the diffraction pattern 
can be determined. The method is based on analysis of 
the overall similarity between the three curves. Having 
determined to what extent they differ from one another 
by comparison with what would be obtained in the case of 
an unchanged diffraction pattern, the character of its 
change can then be established. The results obtained by 
this analysis will relate only to the characteristics of the 
diffraction pattern on the earth's surface. We are not 
concerned at this stage with the relationship between this 
pattern and the phenomena in the solar wind producing 
it. The question of any particular model of the solar 
wind does not enter into the discussion. 


The character of the diffraction pattern can be rep- 
resented by lines of constant amplitude, and in future we 
shall speak of the shape, dimensions, and direction of its 
movement, referring to contours of constant amplitude. 
How are the principal parameters found ? Correlation 
analysis is the usual method. A series of maxima 
and minima of each of the three recordings is taken and 
mathematical analysis of the results of the observations is 
carried out. However, because of the impossibility of com- 
puter analysis inour case, we have not yet used this method. 
We have chosen the "similarity method." Only obviously 
similar parts of the curves obtained at the three points 
are analyzed, The time shifts are determined at charac- 
teristic points on these curves, such as the maxima and 
minima of fluctuations of amplitude. Then, knowing the 
geometry of the arrangement of the reception points, 


the velocity and direction of movement of the diffraction pattern are determined. This method of 
analysis of the results of the observations has been widely used with measurements of the velo- 
cities of movement of ionospheric irregularities. 


The velocity and direction of the movements in this case are determined by the following 


equations [10]: 


v= 


ly 


Lig __ ote 
tas cos B = 7, 08 (a — 8), 
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© 


Fig. 11. Results of determination of velocity 
of interplanetary plasma obtained by the me- 
thod of similarity (ot all results obtained 
are plotted), 


Fig, 12, Examples of possible forms of dif- 
fraction details leading to considerable de- 
viations of the observed direction of move- 
ment of v from the true V. V represents the 
true velocity, v the measured (apparent) 
velocity. 


(RP—RB) a 


where lyo/ty = Vy. and 1,,/t,3 = vy3 represent 
the apparent velocities in the directions A, Ao 
and A,A3, respectively (see caption to Fig. 9); 
A,, Aj, and A; the reception points; t,. and t,, the 
time of delay of the diffraction pattern between 
the corresponding points; J,) and l,3 the distance 
between the points, 


An attractive feature of this method of 
similarity is its simplicity. One of its drawbacks 
is its low efficiency, for only curves which are 
clearly similar can be used in the analysis, A 
more serious disadvantage, however, is the low 
accuracy of determination of the velocity and di- 
rection, and the complexity of analysis of the 
anisotropy of shape of the diffraction pattern. 
The possibility of a considerable difference be- 
tween the direction of true movement and the 
movement obtained by the method described, be- 
cause of the complex geometry, must be borne 
in mind, 


Let us examine a simple case, as is done 
in (11). Let the receivers be located at the 
points O, A, and B (Fig. 10), where O is the ori- 
gin of the coordinates, A the point (a, O), and B 
the point (O, a). 


Let the unchanged diffraction pattern move 
with velocity v in the direction forming the angle 
gy with Ox, and let part of the "line of maximum 
amplitude" be represented by the intercept OP, 
forming the angle ~ with the direction of the 
velocity of drift v. Let OP pass through O at the 
moment of time t, through A at time t + t,, and 
through B at time t + ty. 


t. = gor a = (sing cor p+ 


v 


+ cos @) = — COS Q (4 + tang cot p), (1) 


t, = — ———_ = — — (cos@ cot — sing) = —sin (1 — cot @ cot ). (2) 


v v 


Let us assume that the velocity and direction of the wind are constant (i.e., that v = const, g = 
const), and that the angle » assumes all values arbitrarily, i.e., corresponds to a random 
orientation of the lines of maximum amplitude. If, then, a sufficient number of time shifts t, 
and ty is taken, and they are averaged, we obtain 


ty = — C08 &, (3) 
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7 a ° (4) 
t, = 7 Sin Q, 


_ - ., a? 
(tx)? + (ty)° = pe? (5) 
t/t —tang. (6) 


These results show that the value of the velocity v and the direction gy of the constant wind 
can be deduced from the mean time delays (t, and t y) taken from the recording, In the case 
examined here, the receivers are located at the apices of a right-angled triangle with legs equal 
to a, As was mentioned earlier, the reception stations built for measuring the velocity of the 
solar wind are located at the apices of an equilateral triangle with sides about 220 km in length. 


During the period of the observations (July — August, 1966) many recordings were ob- 
tained from the sources 3C-144 and 3C-147,. Recordings from the three points were compared 
relative to their synchronizing marks, parts of the curves showing a sufficient degree of simi- 
larity were chosen, and from the position of characteristic points (maximums or minimums of the 
fluctuations) the relative time shifts were determined. From the known geometry of the points 
and the obtained values of the time shifts, the directions and velocities of movement of the dif- 
fraction pattern were determined. Assuming the velocity of the diffraction pattern to be equal 
to the velocity of the nonhomogeneities in the solar wind, and projecting these velocities on the 
celestial sphere, the pattern of movement of the nonhomogeneities can be obtained. 


The values of the velocity and direction of movement of the plasma nonhomogeneities de- 
termined as described above are shown in Fig. 11. It will be seen that the velocities range 
from 350 to 20 km/sec. The radial direction of movement from the sun is apparent at high 
velocities, and it is impossible to discern any definite direction of the low velocities. 


It is difficult to say, when this method of analysis is used, whether these values of the ap- 
parent velocities and directions are close to the true values. Only by taking the averages of a 
large number of measurements can the correct answer be obtained. Possibly the presence of 
very low values of the velocities and of different directions can be explained by distortion of the 
shape of the lines of maximum amplitude of the diffraction pattern and by the different values 
of the angles between the direction of movement and the direction of the line of maximum ampli- 
tude. Under these circumstances completely opposite directions and substantially underesti- 
mated values of the velocities may be obtained (Fig. 12). 


Remembering that other methods of studying the dynamics of interplanetary plasma give 
near-radial direction of travel from the sun, and that there are fewer cases of velocity directed 
toward the sun (only four points in one recording) than away from it, it is reasonable not to con- 
sider them yet. If, then, it is assumed that the magnitude and direction of the velocity are con- 
stant, and only the direction of the lines of maximum amplitude of the diffraction pattern rela- 
tive to the direction of the velocity varies, Eqs. (5) and (6) can be used to determine the direc- 
tion and velocity of movement of the diffraction pattern. In this way mean velocities of about 
250 km/sec are obtained, if only data close to radial are analyzed, and lower values if all the 
data are averaged. 
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RADIO-RELAY INTERFEROMETER 
FOR THE METER WAVEBAND 


G.I. Dobysh 


An interferometer with radio relay has now been produced at the Radio Astronomy Sta- 
tion, Physical Institute of the Academy of Sciences, for preliminary trials. The suggested 
maximum base length is 40-50 km, 


For various reasons the frequencies of radio waves from sources selected for reception 
were within the 34-36 MHz band (A = 8.3-8.8 m). The fact that in this band there is a compara- 
tively high level of atmospheric and industrial interference largely predetermined the methods 
and techniques used in individual units and components of the apparatus. One of the chief con- 
ditions was the ability to readjust the radio-astronomical receivers smoothly within the range 
of 1-2 MHz so as to enable areas with the lowest noise level to be chosen within the stipulated 
waveband., 


The general principles of construction of interferometers and individual results are well 
known from previous publications [1-4]. However, practical planning difficulties have been due 
to the absence of concrete parameters for several of the chief parameters of these systems, 
and above all for the relay apparatus. In particular, the following parameters were unknown: 
(1) permissible levels of noise, background, and stray radiations within the band of working 
frequencies; (2) permissible coefficients of nonlinear distortion; 3) inequality of the group 
time in the hf circuit; etc. 


There were also unsolved problems connected with the formation of coherent heterodyne 
frequencies for spaced radio-astronomical receivers. As.a basis for development of the ap- 
paratus, the recommendations of the International Consultative Committee on Radiocommunica- 
tion (CCR) for radio-relay lines with frequency compression were adopted. However, the 
parameters and technical conditions can be finally specified and their details clarified only 
after experimental verification. This particular apparatus was planned and executed with this 
possibility in mind. 

This type of interferometer consists of two spaced receivers of radio waves from cosmic 
sources (radio-astronomical receivers), witha coherent heterodyne. This common heterodyne 
for both receivers is located at a distant point (DP) and is transmitted along a radio-relay line 
to the principal point (PP) together with the radio-noise signal. Relaying of the radio-noise sig- 
nal and transmission of the heterodyne frequency are performed by the same transmitter, Re- 
ception of these two signals at the PP is also carried out by one receiver, with subsequent 
separation after demodulation and amplification. 


The interferometer instrument consists of the following principal units: 


176 


RADIO-RELAY INTERFEROMETER FOR THE METER WAVEBAND 177 


a) At the distant point: a radio-astronomical receiver, radio-relay transmitter with fre- 
quency modulation (FM), stabilized power sources, and control systems; 


b) At the principal point; a radio-astronomical receiver, a receiver of relayed signals, 


a balancing unit and filters, delay line, low-frequency part, stabilized power sources, and con- 
trol system. 


Block diagrams of the DP and PP are given in Figs. 1 and 2, respectively. 


The radio-astronomical receivers are built with a superheterodyne design 
with heterodyne frequency located in the middle of the transmission band of the high-frequency 
(uhf) amplifier, i.e., the nominal value of the heterodyne frequency /het in this particular case 
is given by the equation fhe. = (Uh ~ f1)/2, where’ f; and f,, represent the frequencies at the 
limits of the uhf transmission band of the receiver. This method of transformation was used 
for the following reasons: (1) the transmission band of the intermediate frequency amplifier 
(ifa) is narrowed by half since the effective frequency band, determining the limiting sensitivity 
of the interferometer, is in this case equal to 2A Jiz,3 (2) relaying of the local-frequency spec- 
trum of the zero-frequency signal to some extent simplifies the transmitter, reduces the de- 
mands on several characteristics, and enablesit to be used (in spiteofits comparatively narrow 
band) for simultaneous transmission of the heterodyne frequency and noise signal; and (3) trans- 
fer of the noise-signal spectrum into the low-frequency region is also simplified by the provi- 
sion of a delay line, essential in this case for compensating the time of spread of one noise sig- 
nal around the path of the radio-relay line, 


The high-frequency part of the receiver consists of a preamplifier, located immediately 
next to the antenna, and the uhf receiver proper, assembled as two amplifiers connected in 
parallel, either of which can be connected at will, and having transmission bands of 1 MHz and 
tuned bands of ff) = 34.5 MHz and fy = 35.5 MHz, respectively. The antenna amplifier has a 
transmission band of 6 MHz with flat apex in the region 35 + 1.5 MHz and a noise factor N = 
3.85. Smooth tuning of the receiver is thus possible between 34 and 36 MHz without any retun- 
ing of the uhf receiver, and the selectivity of the input part is sufficiently high. 


Next the signal is transformed into the intermediate frequency in a mixer by means of 
the heterodyne frequency fhe, = 35 + 1.5 MHz, The ifa consists essentially of a low-frequency 
amplifier with high negative feedback (kB = 120), the transmission band of which is from 1 to 
210 kHz. The frequency characteristic of the receiver in the intermediate frequency is actually 
formed in the region of low frequencies by intermediate circuits, but in the region of high fre- 
quencies by a three-component low-frequency filter with cutoff frequency of 135 kHz, coupled 
after the mixer and creating an attenuation of 60 dB at a frequency of 180 kHz, After the filter, 
a stepwise amplification control with range of up to 30 dB is connected to the input of the ifa. 


Because of the strong negative feedback, during a change in the supply voltage (at the 
anode or filament) of +20% the amplification factor at the intermediate frequency is changed by 
less than 1%. Since in the ifa there are no resonance circuits, the shape of its frequency char- 
acteristic and its transmission band remain unchanged for changes of the tubes and regulation 
of the amplification, 


The voltage of the heterodyne with frequency 35 + 1.5 MHz at the distant point is obtained 
by multiplying the generator frequency tuned at between 558 and 608 kHz, by 60 times, The 
tuned generator is so designed that, with suitable thermostabilization, a long-term stability of 
1 - 10-4 can be obtained. 


The amplitude of the heterodyne voltage at the mixer is given by Uhey = 12 V. The coef- 
ficient of transformation thus remains constant during changes in Uher, at least by +30%. The 
effect of amplitude in stability of the heterodyne multiplier unit on the amplification factor of 
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the radio-astronomical receiver is thus virtually eliminated. The noise signal with a spectrum 
of between 1 and 135 kHz and part of the voltage of the 558-608 kHz generator are fed from the 
output of the radio-astronomical receiver at the DP into the modulator of the radio-relay line 
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transmitter, 


Fig. 2. Block diagram of apparatus at the principal point. 


The radio-relay line transmitter operates on a frequency of 153 MHz, Its 
maximum output power is 50 W. It is frequency modulated. The relay frequency of 153 MHz 
was chosen on the grounds that in the meter waveband there are no rapid and deep fadings of 
the signal along their path due to reflections from nonhomogeneities in the troposphere and 
changes in refraction. Inits simplified form, the change of phases between the direct and re- 


flected waves because of the difference in path at wavelength A can be determined by 


2 
Aq = = Ar (2), 
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“(Af )/au where Ar(g) represents the change in the difference 
100 of path as a function depending on the vertical gradi- 
ent of dielectrical permeability of air g, the char- 
acter of the path, etc. For the middle zone of the 
Soviet Union, and for a path R = 45 km, the value of 
Ar (g) will be of the order of 12 cm. In that case, 
for A = 10cm, Ag = 432°, and during a change in g 


4s 42 43 » MH . av, , 

Jy M2 a maximum and minimum of interference may ap- 
Fig. 3. Gradient of modulation charac- pear, i.e,, at the receiving point the field intensity 
teristic curve of transmitter modulator will undergo severe changes. AtA = 2m, Ag is 
as a function of frequency. only 21.6°, and the signal level at the receiving 


point will be much less dependent on the conditions 
of reception. 


To determine the output power of the trans- 
mitter, besides taking all other factors into con- 
sideration, the possibility of working on compara- 
tively simple antennas (for example, of the "wave- 
guide" type), which are convenient for transporta- 
tion and for installation on light supports, served as 
150 15 152° 153 156 «*1S5S-—=—«*1S6 f, MHz the initial basis for the discussion. If the power of 
the transmitter is 50 W, then for a base measuring 
R = 45 km, the required amplification factor of the 
antennas of the radio-relay line of communication 
will be G = 16 dB. The possibility of a smooth change in output power of the transmitter with- 
in the range from 5 to 50 W was provided for. 


Fig. 4. Transfer functionof transmitter. 


As was pointed out above, FM is used in the transmitter. The advantage of FM over AM 
is obvious, and it lies above all in the possibility of virtually completely eliminating the stray 
amplitude modulation due to fadings along the path and inequality of the frequency character- 
istics of the hf circuits of transmitter and receiver. The FM modulator is constructed of 
parallel circuits [5]. Because of this design, a high degree of linearity of the modulation char- 
acteristic can be obtained over high deviations of frequency. 


The central frequency of the modulator f/f) = 42 MHz, and the maximum deviation of fre- 
quency Af max = 1.2 MHz. The relationship obtained by means of a model between the gradient 
of the modulation characteristic d(Af/)/dU and the input voltage of the modulator is shown in 
Fig. 3. It is clear that deviations from a linear law do not exceed 2%, corresponding to a coef- 
ficient of nonlinearity in the second and third harmonics of the order of 0.2%. With more care- 
ful control it is possible to obtain a coefficient of nonlinear distortions less than 0.1%. The de- 
mand for a high degree of linearity of the modulation characteristic curve is explained primar- 
ily by the two-signal modulation of the transmitter, for otherwise mutually crossing distortions 
and interference would be possible in the heterodyne and noise channels. 


After amplification and clipping, the FM waves with a central frequency of fy) = 42 MHz 
and peak deviation Afpea, = + 830 kHz (+360 kHz in the noise channel and +470 kHz in the 
heterodyne channel) are fed into the balance mixer, where they are mixed with a frequency 
Snet = 195 MHz, obtained from a quartz generator after multiplication. The difference frequency 


Tet — (fot Afpeak) = 153 + 0.86 MHz 


is further increased to 50 W by a two-cascade power amplifier, built around ultrashort-wave 
generator tetrodes of the GU-29 type. The transfer function of the transmitter is shown in Fig. 4. 
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By means of the automatic frequency control 
(AFC) of the central frequency at 42 MHz, and the 
/ quartz generator for a frequency of 195 MHz, sta- 
bility of the central frequency of the transmitter at 
2-10 ° was obtained. During operation, continuous 
7 ’ 2 7 4 PUin, V control over deviation of frequency is effected by 


. iati itor linked with the AFC system. 
Fig. 5. Characteristic curve of clipper the deviation monitor fin w y 


of FM radio-relay receiver at the prin- The following fact must be noted. Experiments 

cipal point. have shown that the presence of combination and 
accessory frequencies in the band of emission of 

the transmitter with levels of 60-65 dB from that of the central wave without modulation, which 

is in accordance with the ICCR norms, is quite unacceptable because it may lead to the appear- 

ance of interference in the channel of the PP radio-astronomical receiver by the channel of the 

relayed heterodyne frequency. Measurements showed that the permissible levels of combina- 

tion frequencies are 80-90 dB. 


The radio-relay line receiver, located at PP, has one uhf cascade, a mixer, a hetero- 
dyne with AFC system, a6-cascade ifa, a demodulator, and agroup lfa with linear cascades at the 
output. The sensitivity of the receiver is 30 “V for an effective voltage of 1 V at the input of the 
demodulator clippers. The noise factor N = 3. The transmission band up to the input of the de- 
modulator is 4.7 MHz. 


In FM, the nominal width of the frequency band of the system is given approximately by: 
2Af = 2 (Afmaxt Fax) 


where Af... represents the peak deviation of frequency, and F max the highest frequency of 
the spectrum of the modulating signal. Because of inaccuracy of tuning of the receiver, insta- 
bility and irregularity of the uhf and ifa characteristics, instability of the frequency of the 
transmitter and heterodyne of the receiver, and various other factors, the band width must be 
increased by about 1.6 times. The final values of the FM band of the receiver are thus given 
by the expression 


3.2 (Afpeak + F'max ); 


and in the case under discussion we obtain 2Af = 4.6 MHz. For stabilization of the frequency 
characteristic and, what is particularly important to FM, the phase characteristic, overall 
values of capacitances for the ifa circuits were selected to be of the order of 50 pF. Because 
of this measure, the shape of the frequency and phase characteristic curves of the ifa are inde- 
pendent of changes in the operating conditions, or aging and replacement of the tubes. 


To overcome distortions because of multiple-wave reception and attenuations on the path 
in the demodulator, two-cascade broad-band clipping was used. The characteristics of the clip- 
per are shown in Fig. 5, where the point Uj, = 1 V corresponds to a signal of 30 vV at the input 
of the receiver. A clipping level of 1.8 V at the input of the discriminator is maintained with a 
high degree of accuracy and stability by using limiting diodes of dry cells of the "Saturn" or 
" FBS" type as the sources of grid bias. Since the anticipated changes in signal level due to 
fading for a path R = 45 km and A = 2m do not exceed 11 dB, corresponding to a change of 3.55 
times in E,, of the receiver, during 99.9% of the time, they will be completely suppressed, 
so that the signal leve] at the input of the discriminator remains constant during changes in the 
signal at the clipper input (counting from a threshold level U;, = 1 V) by at least 14 dB: 


The discriminator operates on staggered tuning. The slope of the characteristic curve of 
the discriminator is 200 mV/MHz. Nonlinearity within the limits of +2 MHz from the central 
frequency is the same as for the transmitter modulator. 
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After leaving the output of the demodulator, the noise and heterodyne signals are amplified 
in a group amplifier, covered by high negative feedback to a level of 0.5-1 V, after which the 
noise signal passes through a low-frequency filter (f mea, = 180 kHz) to the balancing unit and 
filters, while the heterodyne signal passes through a high-frequency filter (f mean = 450 kHz) 
to the heterodyne frequency multiplying unit of the radio-astronomical receiver at PP. 


In this unit the frequency of 558-608 kHz relayed from the DP is multiplied to a frequency 
of 35 + 1.5 MHz (just as at the DP, the multiplication factor is 60), and after amplification it is 
used as the heterodyne voltage of the radio-astronomical receiver at PP. 


Expected variations in phase of the heterodyne frequency atthe prin 
cipal point after multiplication to 35 + 1.5 MHz, produced by a change in the path "length" be- 
cause of refraction, have the value Ag = 2.9°, which is quite acceptable. As the first experi- 
ment showed, the main difficulty in direct multiplication of the relayed frequency of 583 + 25 
kHz is not merely reaching a high level of phase stability, but also obtaining a heterodyne volt- 
age which is sufficiently free from noise, i.e., a heterodyne voltage at the mixer of the radio- 
astronomical receiver at PP with a high signal-to-noise ratio. For these purposes we now use 
synchronization of the local generator by tying its frequency to the frequency of the relayed 
voltage of 558-608 kHz, The synchronization procedure is controlled oscillographically, With 
sufficiently rigid phase synchronization it is still impossible in this case to obtain a high level 
of protection against interference in the heterodyne at PP, although it is significantly higher 
than when direct multiplication is used. 


The next stage is to investigate the possibility of using a phase ifa system. The initial 
arguments are as follows. The multiplying unit to enable the heterodyne frequency to be changed 
has a transmission band of 0.1 MHz at the input (corresponding to 6 MHz at the output). Most 
cascades work under extremely nonlinear conditions. As a result of this, the signal-to-noise 
ratio at the output of the unit is 10-15 dB lower than at the input. Even a very slight noise and 
interference level within the limits of the input band of the multiplier is considerably above the 
intrinsic noise level of the radio-astronomical receiver at PP, since the noise components of 
the heterodyne voltage participate equally in the conversion process with the useful signal. 


The most obvious and effective method of reducing the noise level is in this case to nar- 
row the transmission band of the multiplier unit. However, the construction of a narrow-band 
multiplier system with a relatively high multiplication factor, which can be retuned in a certain 
frequency range, and still have stable phase characteristics, is an extremely difficult task. 


The necessary ratio between the heterodyne voltage and its noise (Uner /Un. het )our at the 
output of the multiplier unit and input of the mixer of the radio-astronomical receiver can be 
found from the equation 


U U P. /P 
(retour OER VRB Ry MD ” 
where P, m. represents the power of noise generated by the high-frequency part of the radio- 
astronomical receiver including the mixer, when the heterodyne voltage is free from noise; 
P..her is the noise power of the heterodyne voltage; and Kyp- is the amplification factor relative 
to the voltage of the uhf receiver before the grid of the mixer, So as not to increase the noise 
factor of the radio-astronomical receiver considerably, the ratio P, »/Phype must be fairly 
high, Assigning the value P,_, /P,her = 10, in the present case we obtain (Une: /Un.het )out 
100 dB. 


If allowance is now made for the decrease in signal-to-noise ratio on account of the mul- 
tiplier by 15 dB, the ratio (Upe; /Pa het)in at the input of the multiplier unit must be = 115 dB. 
This ratio must also hold good at the output of the FM receiver of the radio-relay line for the 
channel relaying the generator frequency of 558-608 kHz, 
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LUO Using the results described in [6], we obtain 
the relationship between (P,/Py)our at the output of 
the FM receiver and (P;/P,);, at the input and the 


eed tAf, per = 470 kHz transmission band of the low-frequency part AF, 
c tAf —— 395 kHz In doing this, allowance is made for the fact that 
— s.het 
5 0 the deviation from the frequency of 558-608 kHz, 
= Af. ner is less than half the transmission band of 
~ the ifa of the receiver. In that case, 
So yO 
0.375 (z+) ps 
(5) _— ) Pn /in - : 
*) ow! wt m0 WW He mn /out pa {140.89 D* (a) lexp () in - | 
Fig. 6. Ratio P,/ P, at output of LFA (2) 
of radio-relay receiver as a function where D = 2Afi¢ /AF has the meaning of a coeffi- 
of transmission band of LFA, cient of filtration, and B = Afif/A/Ss. her Can be de- 
fined as the coefficient of utilization of the band. 
Since we are concerned with the ratio 
# (P;/Pn)our for sufficiently high values of (P, /Po)in 
1 a {usually for radio-relay lines (P, /Pna)in > 30 dB 
4d for peak ratios], Eq. (1) can be simplified. We ob- 
tain 
P, Py DS 
(Fe) oye = O89 (Fin 8) 
© 40 M) 27, ke It can be seen from Eq, (4) that the most effective 
Fig. 7, Family of frequency character- method of increasing the signal-to-noise ratio at 
istic curves of the delaying unit at dif- the input of the heterodyne frequency multiplier at 
ferent values of Tg (values of delays PP is narrowing the transmission band AF .of the 
indicated by numbers in Hsec). low-frequency part of the FM receiver in the fre- 


quency channel 558-608 kHz. Using Eq. (4), de- 
pending on AF, ratios (P,;/P,)our were calculated for two values of Af, per for a ratio 
(P; /Py)in = 30 dB, corresponding to the worst conditions on the path R = 45 km, The relation- 
ships obtained are illustrated in Fig. 6. If, therefore, the necessary ratio (Uhe: /Un het )in is 
taken with a certain margin of 135 dB, the transmission band of the low-frequency part of the 
receiver must, according to Fig, 2, be AF = 100 Hz. 


The only practicable system for aretuneable filter with such a transmission band in fre- 
quencies 500-600 kHz is the system of automatic phase control (APC). In practice there is no 
difficulty in constructing an APC system with noise suppression of 135-140 dB. The phase 
error and slow phase drifts of the synchronized generator do not exceed 4-5° even after mul- 
tiplication by 60 times. Consequently, the APC system is the best alternative for the formation 
of a coherent heterodyne voltage for the radio-astronomical receiver at PP. After leaving the 
radio-astronomical receiver at PP, the noise signal enters the delaying unit. 


The delaying unit is so designed that, with a change in the delay time tg from 0 to 
40 usec, the transmission factor of the unit remains equal to unity. This is achieved because, 
when Ty reaches its maximum, attenuation of the signal is compensated for by a special amp- 
lifier, so that the resultant transmission factor of the delaying unit is K = 1. Any detachable 
component of the delay line is substituted by a square attenuator, with attenuation equal to the 
attenuation of the signal in the omitted component, 
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The frequency characteristics, their relation- 
ship, and the relationship between K and Ty are 
shown in Fig. 7. Through the use of phase correc- 
tors, the phase characteristic curve for any value 
of rz within the limits of the working frequency 
band diverges from linear by not more than 0,3°, 
The delay line consists of a series of standard LC 
units giving delays of 5 and 1 usec, A steady change 
in Tg from 0 to 1 usec is accomplished by a delay 
4 60 120180 line working on the principle of a capacitive current 

Jr kHz collector [7]. This unit enables work to be carried 
out with bases up to 10-12 km, In the future, for 
longer bases, it is proposed to use a magnetostric- 
tive L3. The noise signal at PP from L3 and the 
noise signal at DP from the radio-relay line re- 
ceiver are fed into the balancing and filter unit. 


Fig. 8. Frequency characteristics of 
radio-astronomical receivers at out- 
put of balancing and filter unit. 


In the balancing and filter unit 
the transmission factor in each of the two channels 
a? can be changed by up to 5 dB. Equality of signal 
levels at the output of the unit is regulated by a 
special differential voltmeter with an accuracy of 
0.001 dB. The frequency characteristics of the 
channels are finally formed in this unit. For these 


ave 
SNA 
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OS 


Iu 95 56 j7 36 40 £ MHz , ; 

purposes, a unit of interchangeable lower- and 
Fig. 9. Order of formation of frequen- higher-frequency filters are used. Since the trans- 
cy characteristic curve of radio- mission bands of all previous instruments for 
astronomical receiver at principal noise signals from sources of radio waves are 
point, 1) Frequency characteristic much wider than the transmission bands of the fil- 
(FC) of antenna amplifier; 2) FC of ter unit, the effective band and shape of the fre- 
uhf-1; 3) FC of uhf-2; 4) heterodyne quency characteristic curve of each channel are de- 
frequency; 5) FC of filter unit. termined entirely by the filter unit. A pair of 

three-component filters of lower frequencies with 

Jmean = 120 kHz and a pair of three-component filters of higher frequencies with f,,.,, = 25 


kHz are used for this purpose. 


In this way high identity and stability of the transmission bands are obtained in both chan- 
nels irrespective of changes in the parameters and working conditions of all preceding units. 


Because of the interchangeability of the filters, the transmission bands of the channels 
can be varied without any need to retune the instruments. All the filters are constructed on 
standard interchangeable sections from the "Ural" computer. The transfer functions of the 
channels are illustrated in Fig. 8. The order of formation of the frequency characteristic curve 
of the PP channel is shown in Fig. 9, 


The balancing and filter unit has two pairs of outputs. From one pair of outputs the noise 
signals are fed into the lf unit where they are summated, squared, detected, and, after passing 
through a narrow-band RC amplifier, are fed into a phase detector, Phase reversal with a fre- 
quency of 30 Hz is carried out at the heterodyne frequency. 


The characteristic curve of the squaring circuit has a quadratic portion with an accuracy 
of 0.5% within limits of 1.5 V at the input of the summing cascade (7 V at the input of the squarer). 
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The other pair of outputs of the filter unit are connected to a panorama unit, providing 
for continuous visual control within the limits of the working band of each channel simultaneously. 


The apparatus at each point includes a power supply with electronic stabilizers of anode 
and filament voltages, It also houses control units and alarm units for faults in all the prin- 
cipal components of the apparatus. 


At all points, the signal received from radio-sources is checked by recording with the 
compensation method, At a given time the apparatus goes through a stage of combined adjust- 
ment and testing. The tests carried out enable the demands made on the apparatus to be speci- 
fied more accurately in the various parameters described above. The good measure of agree- 
ment obtained between the experimental data and the calculated values gives hope that observa- 
tions of sources of radio waves can be made with bases of up to 50 km. 


In conclusion, the author wishes to thank V, V. Vitkevich for attention given to this work 
and for concrete suggestions made in the choice, discussion, and preparation of the apparatus 
for operation. The author is also grateful to M. T. Rezepin, V. A. Frolov, and to the staff of 
the Department of Radio Engineering of the Tula Polytechnic Institute for great help given during 
the designing and preparation of the instrumental part of the interferometer, 
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